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 SUMMARY 
The fatigue performance of asphalt is addressed in the mechanistic-empirical 
pavement thickness design procedure used in Australia.  In this procedure, the Shell 
laboratory model is adjusted to field conditions through the use of a reliability factor.  
However, the use of these procedures can result in the fatigue life being longer than 
predicted, which is an issue of concern to industry.  The aim of the research 
presented in this thesis was to investigate the laboratory fatigue performance of a 
typical asphalt mix used in Western Australia as a structural (>40 mm thick) layer, 
including the development of new testing protocols, a new fatigue life prediction 
model, an accelerated testing approach, and master curves that can be input into 
the ME design procedures used in Australia.  Testing was conducted using the EN 
Standard Tester (a four-point bending beam apparatus) and the Asphalt Mixture 
Performance Tester (AMPT).  New testing protocols were developed to minimise 
errors associated with the use of the EN Standard Tester and the AMPT.  An 
innovative technique has been proposed to refine the out-of-range phase angle 
problem with the current software used to control the bending beam tests.  
Enhanced control engineering techniques can be used to address issues associated 
with noisy stress-shapes, out-of-range strain levels and load standard errors.  The 
results are more reliable and robust.  Two scenarios are proposed to extrapolate 
fatigue life when the termination condition (50% of initial stiffness) is not met.  A new 
accelerated testing approach, which involves increasing the strain level continuously 
at different temperatures and frequencies, is also proposed.  Finally, flexural 
bending master curves for both haversine and sinusoidal loading were developed 
which can be compared with compressive master curves developed as a result of 
testing cylindrical specimens.  Recommendations for further research are also 
provided. 
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1 INTRODUCTION 
1.1 Background 
Each year road agencies in Australia spend billions of dollars managing their road 
network.  A major component of that budget is devoted to providing, and maintaining 
pavements whose structures are designed to provide a safe and smooth surface 
capable of performing under the increasing heavy vehicle axle loads being applied 
to them. 
Traditionally, methods for the structural design of flexible pavements were empirical 
in nature.  This approach did not allow designers to consider the properties of the 
pavement materials when determining likely fatigue and rutting performance.  In 
order to take due consideration of the properties of the materials in the design 
process, mechanistic-empirical (ME) approaches were developed which allowed 
due account to be taken of the response of the pavement material to repeated 
loading.  In the ME approach, shift factors are applied to laboratory-derived 
theoretical models to provide a closer fit with observed field performance. 
The most common flexible pavement type used in Australia consists of one or more 
unbound granular layer(s) protected by a thin bituminous surfacing (sprayed seal).  
These surfacings provide a smooth ride and act as a water-proofing agent to 
prevent the ingress of moisture into the pavement structure (assuming that 
adequate drainage of the lower layers of the pavement is also provided).  Sprayed 
seals are not considered to contribute any structural capacity to a pavement. 
As the number of axles on heavy vehicles, and the associated axle loads, continues 
to increase, the use of asphalt1 pavements – either full depth asphalt or a structural 
surfacing over a stabilised or granular base – is becoming more common, 
particularly on major freight routes serving urban areas. 
The fatigue performance of asphalt is addressed in the ME pavement thickness 
design procedure used in Australia (Austroads 2012).  In this procedure, the Shell 
(1978) laboratory model is adjusted to field conditions through the use of a reliability 
factor.  However, the use of these procedures can result in the fatigue performance 
being longer than predicted, which is an issue of concern to industry. 
                                               
1 The term ‘asphalt’ is used in Australia to describe a structural layer composed of graded aggregate 
and bituminous binder, unlike usage in other countries (such as the USA) where the term ‘asphalt’ 
is used to describe the binder only. 
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As discussed in more detail in Section 1.3, the aim of the research presented in this 
thesis was to investigate the laboratory fatigue performance of a typical asphalt mix 
used in Western Australia as a structural (>40 mm thick) layer, including the 
development of new testing protocols, a new fatigue life prediction model, an 
accelerated testing approach, and master curves that can be input into the ME 
design procedures used in Australia. 
Testing was conducted using the EN Standard Tester (a four-point bending beam 
apparatus) and the Asphalt Mixture Performance Tester (AMPT) developed by IPC 
Global.  The EN Standard Tester was used to examine the fatigue behaviour of the 
asphalt and also to develop flexural master curves, whilst the AMPT was used to 
examine the viscoelastic behaviour of the same mix by developing compressive 
master curves.  All testing was conducted at the Curtin University Geomechanical 
Laboratory. 
1.2 Significance of the research 
Fatigue cracking of asphalt has been investigated by many researchers, with the 
four-point bending beam apparatus being the most common test used in these 
investigations.  Testing is generally conducted on beams, rectangular in cross-
section, cut from slabs prepared in the laboratory. 
There are two types of test modes: constant stress and constant strain.  In the 
constant stress mode, which is also referred to as the constant force mode, the load 
is kept constant, with the deflection of the test beams changing (increasing) during 
testing.  In the constant strain mode, which is sometimes referred to as the constant 
deflection mode, the deflection is kept constant, with the applied force changing 
during testing so as to induce a constant deflection. 
As four-point bending testing can be very time-consuming, and therefore expensive, 
new accelerated testing methodologies – and new approaches to data analysis – 
are being developed in this study which make the testing and analysis process 
faster and more reliable. 
A large number of studies have also addressed the viscoelastic behaviour of asphalt 
mixes.  The majority of these studies involve the use of dynamic modulus testing 
and the development of master curves for different mix types.  However, very few 
studies of the viscoelastic properties of asphalt have been conducted on Western 
Australian mixes.  It was therefore considered crucial that a set of dynamic modulus 
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master curves be developed for a mix typically used in Western Australia. Master 
curves for other mixes could be developed in future studies. 
1.3 Objectives of the research 
The objectives of the research presented in this thesis were to: 
1. Develop testing protocols for the evaluation of the fatigue and viscoelastic 
properties of a standard asphalt mix commonly used as a structural (> 40 mm 
thick) layer in pavements in WA. 
2. Develop a new fatigue life prediction model based on the laboratory test data. 
3. Develop a new accelerated laboratory testing approach that allows the fatigue 
behaviour of asphalt to be modelled at different test temperatures, loading 
frequencies and strain levels. 
4. Develop master curves for the asphalt mix that can be input into the 
mechanistic-empirical design procedures used in Australia. 
1.4 Structure of the thesis 
This thesis is divided into six chapters as follows: 
1. Introduction – the significance and objectives of the research. 
2. Literature review – a review of previous work, including its relevance to 
practice in WA, and the identification of research gaps. 
3. Sample preparation and the characterisation of the AC14/75 mix, e.g. particle 
size distribution (PSD), bulk density and maximum density. 
4. Results of preliminary testing – including the resolution of errors associated 
with the use of the EN Standard tester and the AMPT and the presentation of 
a new testing protocol which aims to address these errors and minimise their 
impact on the results. 
5. Presentation of test results and data analysis – including details of a new 
fatigue model and a new accelerated testing method as well as the 
development of master curves for the AC14/75 mix. 
6. Summary, conclusions and recommendations. 
Relevant data are also provided in five Appendices. 
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2 LITERATURE REVIEW 
2.1 Introduction 
This chapter summarises research conducted on the fatigue behaviour of asphalt 
mixes, including the determination of dynamic modulus and the development of 
master curves.  The scope of work presented in this chapter is outlined in  
Figure 2-1. 
The failure modes of flexible pavements are first discussed, followed by background 
on the fatigue failure and dynamic modulus of asphalt.  The fatigue studies are 
divided into two parts: numerical analyses and experimental studies.  As this 
research involves the modelling of asphalt, the majority of this chapter concentrates 
on experimental studies.  Finally, a summary of the review is presented, including 
the identification of research gaps and how the research presented in this thesis 
addresses some of these gaps. 
2.2 Modes of failure of flexible pavements 
Austroads (2010) defines a pavement as ‘that portion of a road designed for the 
support of, and to form the running surface for, vehicular traffic’.  It also defines the 
pavement structure as ‘the portion of the road, excluding shoulders, placed above 
the design subgrade level for the support of, and to form a running surface for, 
vehicular traffic’. 
Road pavements are divided into three major types: flexible, rigid (concrete 
pavements) and composite pavements (Huang 1993; Austroads 2012).  The focus 
of the research presented in this thesis is on flexible pavements, specifically 
pavements composed of one of more asphalt layers. 
The thickness and strength of each layer of a flexible pavement varies depending on 
several parameters.  In addition, each layer is affected by the ability of the upper 
layers to transfers the load to the next layer.  The upper layers should be of higher 
quality and strength due to the fact that they are more exposed to traffic loads and 
environment conditions (Huang 1993). 
The deterioration of flexible pavements is associated with many, often inter-
associated, factors.  Pavement failure/distress is associated with the magnitude of 
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the stresses and strains generated in the pavement under load and over time 
(Adlinge & Gupta 2013). 
 
Figure 2-1: Literature review scope of work 
Pavement distresses can be divided into four major types: cracking, surface 
deformation (rutting, shoving, etc.), disintegration (potholes, etc.) and surface 
defects (bleeding, raveling, etc.).  The most common types of cracking in pavements 
are fatigue cracking, longitudinal cracking, transverse cracking, block cracking, 
slippage cracking, reflective cracking and edge cracking.  The addition of some form 
of additive (polymer, latex, tyre rubber, etc.) can increase the workability of asphalt 
however it can mitigate cracking. 
Fatigue cracking can be associated with an increase in traffic loading (number of 
vehicles, axle load, etc.), changes in temperature profiles, the (poor) condition of the 
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road shoulders, inadequate drainage, and poor temperature control of the asphalt 
during manufacture. 
In many countries, rutting is the major mode of failure of flexible pavements because 
of the axle loads, tyre pressures and environmental conditions under which the 
pavement operates.  Rutting can occur in all layers of the pavement.  It can lead to 
ponding of water in the wheelpaths and the associated problems of spray and 
hydroplaning and a loss of ride quality.  The control of permanent deformation in an 
asphalt pavement is a key design consideration (Choi and Kim 2013). 
Rutting mostly occurs under heavy traffic loading in areas of high pavement 
temperature, though it can also be related to the action of slow-moving and braking 
traffic at intersections.  As a result, rutting is confined to the top layers of the 
pavement (Long 2001).  Shear deformation (no volume change) and densification 
(volume change) are related to permanent deformation/rutting (Miljković and 
Radenberg 2011). 
Rutting can be categorised into three basic groups: one-dimensional (or vertical 
deformation), lateral flow (or plastic movement), and mechanical deformation 
(Miljković and Radenberg 2011). 
Many studies have been undertaken on the role that asphalt mix design plays in 
controlling rutting (Garba 2002).  For example, Miljković & Radenberg (2011) 
reported that, whilst the properties of the aggregate and bitumen are directly related 
to rutting, load magnitude, loading rates and temperature also have a strong 
influence on the rutting performance of asphalt mixes.  They carried out dynamic 
modulus, repeated load permanent deformation (flow number) and static permanent 
deformation (flow time) testing, including a comparison of the effect of gyratory 
compaction on rutting performance compared to more traditional forms of 
compaction. 
Choi and Kim (2013) developed a shift model to determine the rut depth of asphalt 
pavements.  Rut depths were measured at sites located at the National Centre for 
Asphalt Technology (NCAT) test track and sections subjected to accelerated 
pavement testing using the Federal Highway Administration’s Accelerated Load 
Facility (FHWA ALF).  It was found that the model – and the associated Triaxial 
Stress Sweep (TSS) test protocol – could accurately determine rutting of asphalt 
under accelerated loading.  They concluded, however, that the proposed model 
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needed further development if an accurate rut depth was to be predicted in cases 
where shear flow regulated permanent deformation. 
As the emphasis in this thesis is on asphalt fatigue, the rest of this review will 
concentrate on that issue. 
2.3 Fatigue and dynamic modulus 
2.3.1 Fatigue 
Fatigue cracking is one of the most common pavement failure modes of asphalt or 
other bound layers (e.g. cemented material).  It is induced by the application of 
heavy repetitive traffic movements and associated high degree of flexing in the 
asphalt which generate the stresses and strains that eventually cause fatigue in the 
mix (Asadi, Leek and Nikraz 2013; Adeyinka Azeez 2013).  The maximum tensile 
strain during traffic loading generally occurs at the bottom of asphalt layer and this is 
where it was generally believed where cracking was initiated.  Over time, these 
cracks start to connect and propagate to the surface until the surface is similar to the 
skin of an alligator (alligator cracking) (Shahin 1994).  This type of cracking also is 
known as bottom-up fatigue cracking. 
More recent studies, however, have shown that fatigue cracking can be initiated at 
both the top and bottom layers of the asphalt layer(s).  The fatigue cracking that 
originates at the top of asphalt layer is associated with stiffness and roughness 
whereas the fatigue cracking that originates at the bottom is associated with the 
cyclic tensile stresses and strains.   
In thick asphalt pavements, such as full depth asphalt pavements, there is evidence 
of top-down cracking, i.e. cracking initiating at the top.  Normally these cracks initiate 
in the longitudinal wheelpath of traffic.  Although several causes have been 
suggested for this mode of failure, no robust conclusion has been reached in terms 
of the mechanisms for this cracking.  Explanations of this top-down cracking 
phenomenon offered in the literature include the combination of shear and tensile 
strains associated with high tyre pressures, shear failure resulted from ageing of the 
asphalt – which makes the surface stiffer and more brittle – and higher temperature 
gradients (Abojaradeh 2003). 
The design of asphalt pavements requires laboratory testing to be conducted at a 
range of loads, loading times, rest periods, and at a range of environmental 
conditions to take account of temperature, healing, aging, etc. (Baburamani 1999). 
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In summary, the fatigue performance of asphalt mixes is very complex and depends 
on many different parameters.  Many investigations have been conducted aimed at 
developing a more precise procedure for predicting fatigue life. 
2.3.2 Numerical investigations on the fatigue life of flexible pavements 
Aure and Ioannides (2012) reported studies of the fatigue behaviour of pavement 
slabs using numerical finite element (FE) analysis.  The FE program 
ABAQUS/STANDARD®, version 6.9-2, was used in the study.  They also examined 
the influence of softening curve, cohesive zone width and mesh, loading mode, 
tensile strength, and fracture energy.  The results indicated that the type of softening 
curve and cohesive zone width and mesh did not significantly influence the 
response and that fracture energy had a greater influence on the fracture process 
than tensile strength. 
Ziaei-Rad et al. (2012) investigated the meso-structure of asphalt mixes using a new 
technique based on the fact that the aggregate particles can join together into a 
simulation area by defining the simulated interface forces between the particles.  In 
addition, the generated isolated grains will try to fill the space using Voroni 
tessellation method.  It was concluded that the use of this model resulted in an 
enhanced understanding of the influence of loads moving at different speeds on the 
mechanical response of asphalt layers. 
It was found that the calculated stresses in the mastic zone were in line with the 
computed strength values, and stated that the 2D models were very consistent in 
terms of their ability to determine stress states in the mastic of the asphalt mix.  In 
addition, the results indicated the significant effect of the stiffness of the elastic 
foundation on the displacement of the asphalt surface.  However, the elastic 
stiffness of the foundation did not have a significant effect on the Von Mises stress 
in the mastic area. 
2.3.3 Experimental investigations carried out on laboratory fatigue life  
Several methods have been suggested in the literature to investigate the laboratory 
fatigue behaviour of asphalt mixes.  The main approaches can be categorised as 
follows (Baburamani 1999): 
• strain-stress approach (sometimes known as phenomenological approach) 
• dissipated energy approach 
• fracture mechanics approach. 
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In addition, different testing protocols and devices are used to evaluate the fatigue 
performance of asphalt mixes in the laboratory, including the four-point bending 
beam test, the three-point bending beam test, and the trapezoidal cantilever test 
(which is also known as the two-point bending beam test). 
2.3.3.1 Strain-stress approach 
Over the past 50 years, a large number of asphalt fatigue life prediction models 
have been proposed by different researchers.  Two of the most simple and well-
known fatigue life prediction models were suggested by Monismith et al. (1961) and 
Pell (1962).  These models relate tensile strain or tensile stress to the fatigue life 
using some experimental coefficients as shown in Equation 2-1 and Equation 2-2. 
 
 N = K  1Ɛ	


 
2-1 
 
 N = K  1σ	


 
2-2 
where    N = fatigue life (cycles)  Ɛ	 = horizontal tensile strain at bottom of specimen  σ	 = horizontal tensile stress at bottom of specimen  K	and	K	 = experimental coefficients obtained from laboratory 
testing 
 
 
The Asphalt Institute (1982) and Shell (1978) modified Equation 2-1 by proposing a 
new fatigue model which considered the initial stiffness of the asphalt as a major 
parameter.  As the stiffness varies with temperature and frequency of loading, they 
became a base for other fatigue life prediction models.  The Asphalt Institute and 
Shell fatigue prediction models are shown in Equation 2-3 and Equation 2-4 
respectively: 
  N = 0.0796Ɛ	.E. ! 2-3 
  N = 0.0685Ɛ	 .$%E.$ 2-4 
where    E = flexural stiffness of asphalt layer (psi)  
 
Other researchers (e.g. Pell et al. 1975; Harvey et al. 1995) concluded that the air 
void content of the mix played a significant role in the fatigue life of asphalt.  Based 
on this, they added to the model one of the volumetric properties of asphalt, viz. 
voids filled with asphalt (VFA), to account for the effect of air voids content.  This 
model is shown in Equation 2-5. 
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 N = &  1Ɛ	

'  1E

'( )*+', 2-5 
where    )*+ = voids filled with asphalt (%)  K, K, K	&	K! = experimental coefficients obtained from laboratory 
testing 
 
 
Several researchers have attempted to develop their own models by modifying 
Equation 2-1 to Equation 2-5.  For example, Pais and Minhoto (2010) attempted to 
modify Equation 2-1 by performing fatigue tests on more than 50 asphalt mix 
specimens, composed of four different aggregates and binders.  Four-point bending 
beam testing was conducted at a temperature of 20°C and a frequency of 10 Hz.  
They suggested that establishing an accurate relationship between k1 and k2 would 
result in more precise fatigue life prediction.  They proposed the following 
relationship between K1 and K2 (Equation 2-6).  By feeding Equation 2-6 into 
Equation 2-1, they proposed a new fatigue life prediction model (Equation 2-7). 
  & = 2503.836 × 2$.$'	 2-6 
 
 N = 2503.836 × 2$.$'	  1Ɛ	

'
 
2-7 
 
Using Equation 2-5 as a base Witczak and Mirza (2000) added the thickness of the 
asphalt layer and the bitumen penetration index (PI) to the model.  This model uses 
a sigmoidal function to predict the fatigue life of in-service flexible pavements as 
shown in Equation 2-8: 
 
 
N = + 31 + 1390956.! − 11 + 2. !89: .! 0.0252PI − 0.00126PI × )=
− 0.0167 >	 56.!? 
2-8 
where    + = adjustment factor to relate laboratory results to field 
observations 
 
56 = stiffness of mix (psi)  )= = binder content of mix by volume (%)  ℎAB = thickness of asphalt layer (inch)  PI = Penetration Index  
 
In another research study (El-Basyoung and Witzcak 2005), the Asphalt Institute 
model was modified so it could be used to predict in-service asphalt pavement 
fatigue life (Equation 2-9 to Equation 2-12).  This model is currently used in the 
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AASHTO Mechanistic-Empirical Pavement Design Guide (MEPDG) (AASHTO 
2008)2. 
  N = 0.00432 × K × DƐ	.!E. 2-9 
  D = 10E 2-10 
  F = 4.84 G=HG=H + GA − 0.69 2-11 
 
 & = 10.000398 + 0.0036021 + 2..!89: 
2-12 
where    G=H = effective binder content (%)  GA = air void content (%)  
 
2.3.3.2 Dissipated energy approach 
Basically, the dissipated energy is the area of the hysteresis loop generated when 
the normalised stresses and strains, normally generated during four-point bending 
beam testing, are compared as shown in Figure 2-2. 
The dissipated energy can be calculated using Equation 2-13: 
  WJ = πσJ>J sin ∅J 2-13 
where    WJ = dissipated energy at loading cycle i   σJ = stress at loading cycle i   >J = strain at loading cycle i   ∅J = phase lag between stress and strain at loading cycle i  
 
 
Figure 2-2: Schematic strain-stress hysteresis loop 
                                               
2 A presentation describing the AASHTO Guide can be accessed at: 
http://vtcaonline.com/images/presentations/LB1012_MEPDG.pdf. 
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By summing all the recorded dissipated energy for each cycle, the cumulative 
dissipated energy can be calculated using Equation 2-14. 
 
 WB =OWJPJQ  
2-14 
where    WB = cumulative dissipated energy at cycle N  
 
Van et al. (1972) suggested that the dissipated energy approach was a useful 
method for simulating the fatigue performance of asphalt mixes in the laboratory.  
They proposed a model (Equation 2-15) which relates the fatigue life of asphalt to 
the cumulative dissipated energy.  In other research, Van and Visser (1977) 
concluded that the dissipated energy was independent of loading mode, 
temperature and frequency. 
   WA	JRSH = AUV 2-15 
where    WA	JRSH = cumulative dissipated energy when fatigue failure 
occurs 
 
N = number of cycles to fatigue failure  A	&	Z = experimental coefficient obtainable from laboratory 
test data 
 
 
During SHRP2, Project A-404 (SHRP 1994) it was found, after extensive laboratory 
testing, that the dissipated energy was very sensitive to loading mode. 
Hopman et al. (1989), Pronk and Hopman (1990), Rowe (1993), Rowe and Bouldin 
(2000) and Abojaradeh (2003) also used the energy ratio concept to predict the 
fatigue life of asphalt mixes. 
Carpenter and Jansen (1997) proposed the ratio of dissipated energy change 
(RDEC) methodology to predict the fatigue life of asphalt mixes.  Shen and 
Carpenter (2007) found that the energy dissipates in different ways (e.g. thermal) 
and that a percentage of the dissipated energy results in fatigue failure.  The 
relationship between the dissipated energy ratio change from cycle a to b and the 
energy after cycles a and b is shown in Equation 2-16. 
  RDECA = DEA − DE=DEA × [ − \ 2-16 
where    
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RDECA = dissipated energy ratio change from cycle a to b  DEA = dissipated energy at cycle a  DE= = dissipated energy at cycle b  
 
 
Figure 2-3: Schematic RDEC plot (Shen and Carpenter 2007) 
Shen and Carpenter (2007) also presented a curve to better explain the RECD (see 
Figure 2-3).  They also identified the Plateau Value (PV), which is the point in the 
RECD curve where fatigue failure occurs.  Based on test results obtained on fine 
aggregate matrix (FAM), Bhasin et al. (2009) found that the RECD was highly 
correlated to the loading mode. 
2.3.3.3 Fracture mechanics approach 
Majidzadeh (1975) used fracture mechanics theory to establish a relationship 
between the rate of crack propagation and intensity factor using Paris’ (1963) law 
(Equation 2-17): 
 
 N = ] 1A&^_`_a bc 
2-17 
where    N = number of cycles to the failure  D = starting flaw  D = final crack length  +	&	d = experimental parameters  & = stress intensity factor  
Basically, two types of testing have been used: single edge notched beam [SE (B)] 
and double edge notched tension (DENT) which are illustrated in Figure 2-4 (Kim 
and Marasteanu 2012). 
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Figure 2-4: Schematic single edge notched beam [SE (B)] (a) and double edge notched tension (DENT) (b) 
(Kim and Marasteanu 2012) 
Anderson et al. (2001) examined the fracture toughness of 14 binders (including 
‘standard’ and modified binders) using the SE(B) apparatus.  The aim of the study 
was to observe the effect of different gradings on low-temperature cracking 
resistance.  Olard and Di Benedetto (2004) also studied the effect of temperature 
and frequency of loading using the SE(B) apparatus.  They found that the 
temperature and frequency of loading did not affect the fracture toughness 
significantly. 
Andrriescu et al. (2004) also examined the fracture energy of five different notch 
lengths.  They used the DENT test to estimate the fatigue life of a range of asphalt 
binders.  Other researchers, including Roy and Hesp (2001), Zofka and Marasteanu 
(2007) and Gautheir and Anderson (2006) compared the DENT test results with 
results obtained using direct tension testing (DTT) on different binder types at 
different temperatures.  They concluded that the DENT was more reliable than the 
DTT in terms of repeatability and fatigue cracking prediction. 
2.3.4 Effect of healing on fatigue life 
Self-healing of asphalt mixes during laboratory testing has been researched over 
last 40 years.  The phenomenon is related to the fact that, directly after cracks 
connect together, molecular movement commences and, if there is no extra loading, 
the cracks heal. 
Whether or not self-healing is observed is generally related to the length of the rest 
period, the test temperature and the size of the cracks when they first develop (Qiu 
et al. 2012).  This has also been observed in several other studies, with the rate of 
healing increasing as the temperature increased. 
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On that basis, it would be reasonable to suggest that, in warmer environments such 
as those operating in Western Australia, micro-cracks in pavements could be 
observed to heal (Rickards 2012). 
Philips (1998) identified the following three stages in micro-crack healing: 
1. closure after cracks join together due to surface energy (termed as ‘wetting’) 
2. closure due to consolidating stresses and binder flow 
3. complete recovery of the material’s mechanical properties. 
Mamlouk et al. (2012), Castro and Sanchez (2006) and Bonnaure et al. (1982) 
attempted to investigate crack-healing by introducing rest periods to the loading 
regime during four-point bending beam testing.  They observed significant increases 
in laboratory fatigue life after rest periods were added. 
Qiu et al. (2012) investigated the self-healing behaviour of an asphalt beam on an 
elastic foundation (BOEF).  It was observed that the micro-cracks of the BOEF 
healed.  The authors reported that, at the commencement of the healing period, the 
delayed viscoelastic healing was the major purpose of the crack opening 
displacement (COD).  They concluded that the healing was related to viscoelastic 
recovery and viscous flow. Qiu et al. (2012) attempted to observe the self-healing of 
a dense-graded asphalt mix (type DAC 0/8) again using the BOEF.  A notched 
asphalt beam was placed on a low-modulus rubber foundation, with a constant load 
applied via loading-unloading-healing-reloading cycles.  The elastic foundation was 
used to prevent permanent deformation, and to control the healing process.  The 
results showed that, under different healing conditions, both the loading and 
reloading paths of all the specimens were almost the same. 
Garcia, Schlangen and Van de Ven (2010) assessed two new methods to increase 
the healing rate of asphalt.  The first method was passive self-healing, which 
involves encapsulated chemicals being added to the binder.  When the micro-cracks 
start to initiate in the binder due to ageing and accumulated damage, the capsules 
break and the chemicals penetrate into the binder and repair the asphalt.  In other 
words, by reducing the stiffness, the healing of bitumen rate increases.  The second 
method involves an active self-healing mechanism which is directed at the cracks to 
close them and seal the asphalt pavement.  In this case the binder is repaired by 
inside-healing of the material to improve its properties. 
   
- 16 -  
 
Shen, Chiu and Huang (2010) studied the influence of cohesive healing, without the 
interaction of aggregates.  They attempted to quantify healing using the dissipated 
energy approach and the Dynamic Shear Rheometer test and a specifically tailored 
intermittent loading sequence.  The healing rate was considered to be the rate of 
dissipated energy (DE) recovery per unit of rest time, and this was used to calculate 
the healing rate of the binder.  The test results indicated the significant effect of 
binder type, strain level and temperature on binder healing. 
The tests were conducted on two asphalt binder types (PG64-28 and PG70-28) in 
the constant stress mode at a frequency of 10 Hz with different rest periods and two 
temperatures (15°C and 25°C).  Fatigue lives were also determined when testing 
was conducted without any rest periods.  The strain-Nf50 followed a linear trend for 
each binder and tests condition.  Shorter fatigue lives were observed at the lower 
temperatures at the same initial strain level.  Healing rates for the PG64-28 binder 
were higher 15°C compared to 25°C. 
2.3.5 Fatigue endurance limit 
The magnitude of the tensile strain at the bottom of an asphalt layer is the major 
factor in terms of controlling the fatigue cracking of a pavement (Soltani, 
Solaimanian and Anderson 2006; Austroads 2012). 
A great deal of research has been conducted examining the relationship between 
the tensile strain at the bottom of an asphalt layer and fatigue life.  For example, 
Ning et al. (2010) found that, if the tensile strain at the bottom of an asphalt layer is 
preserved at the lower level of the fatigue endurance limit (FEL) of asphalt, then the 
fatigue life will be unlimited. 
Ning et al. (2010) examined two primary parameters, tensile strain and flexural 
stiffness, under different strain levels and temperatures using both the four-point 
bending beam test and the monotonic uniaxial tensile test (MUTT).  In addition, a 
new parameter, the initial stress ratio (Rinitial), was investigated as a means of linking 
the two tests. This new parameter was defined as the ratio of applied initial stress 
and tensile strength of the sample. It was found that the FEL could be described as 
a function of the initial flexural stiffness, frequency and stiffness.  The test results 
indicated that Rinitial increased sharply, resulting in a shorter fatigue life. 
Carpenter, Ghuzlan and Shen (2003) examined the FEL by carrying out testing on 
asphalt with different binder types over a wide range of load repetitions (5 to 48 
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million) and at tensile strain levels as low as 70 µε.  The test results confirmed that 
the fatigue endurance limit ranged between 70 and 90 µε. 
2.3.6 Dynamic modulus of asphalt  
According to Ceylan et al. (2008) the dynamic modulus (|E*|) is one of the most 
important properties of asphalt.  It is input into all three hierarchical levels in the 
AASHTO (2008) Mechanistic Empirical Pavement Design Guide (MEPDG).  There 
is a difference between resilient modulus and dynamic modulus.  The dynamic 
modulus is the absolute value of complex modulus.  The resilient modulus is derived 
from testing when the load is applied in any waveform with a certain rest period, 
whilst the dynamic modulus is derived from testing conducted using a sinusoidal or 
haversine waveform and without any rest period (Huang 1993). 
Archila and Diaz (2011) studied the effect of material properties on the rutting 
behaviour of asphalt mixes by comparing two scenarios: (1) where only the dynamic 
modulus was used to model the permanent deformation, and (2) where the rutting 
prediction model was modified by adding the air void and binder contents to the 
MEPDG rutting prediction model based on relationships developed in the laboratory.  
The results showed the significant effect of air void and binder content and binder 
type on both the dynamic modulus and rutting behaviour of the mixes. 
Currently in Australia, the pavement design methodology (Austroads 2012) only 
uses the resilient modulus of the pavement materials; the viscoelastic behaviour is 
not included in design and analysis.  However, the dynamic modulus is used in the 
AASHTO MEPDG procedure. 
Kumlai et al. (2014) examined the differences resulting if the dynamic modulus was 
converted to resilient modulus, compared with the resilient modulus.  Three concrete 
mixes having different maximum aggregate sizes were selected.  The resilient and 
dynamic moduli were determined using the universal testing machine (UTM-25P) 
tester and the asphalt mixture performance tester (AMPT) respectively.  The 
dynamic and resilient modulus values were higher for the mixes having the greater 
maximum aggregate size.  The results showed that, without a reliable method, it 
was not possible to compare the dynamic and resilient modulus values.  They 
concluded that comparison would be possible only when testing conditions (e.g. 
temperature and frequency) for both tests were kept the same. 
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The AMPT is designed to evaluate the engineering properties of an asphalt mix.  
This system can evaluate the rutting resistance of asphalt mixes quickly using flow 
number tests.  In addition, it can simplify the development of dynamic modulus 
master curves (FHWA 2013). 
Diaz and Archila (2013) developed software (Hot Mix Asphalt Analysing Tool (HMA 
AT)) which is compatible with the AMPT.  This software allows users to 
automatically generate master curves for a variety of mix types, temperatures and 
frequency levels. 
As already discussed, two factors that have a large influence on the dynamic 
modulus of asphalt are temperature and loading rate.  Typical dynamic modulus 
master curves developed at temperatures of 4°C, 20°C and 40°C and loading 
frequencies of 10, 1, 0.1 and 0.01 Hz are shown in Figure 2-5.  Whilst the aggregate 
type, gradation, volumetric properties and binder type can influence the shape of the 
master curve, the overall range will not change extensively (NCHRP 2008a). 
In terms of the influence of confining pressure on the test results, studies have 
suggested that the sensitivity of dynamic modulus measurements to confining 
pressure differs for dense-graded mixes compared to gap-graded and open-graded 
mixes (NCHRP 2008a). 
 
Figure 2-5: Typical dynamic modulus master curve (NCHRP 2008a) 
Shahadan et al. (2013) carried out some investigation on the dynamic modulus and 
phase angle of asphalt mixtures including reclaimed asphalt pavement (RAP).  In 
this research, the effect of three different temperatures (20°C, 40°C and 50°C) and 
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six different loading frequencies (0.1, 0.5, 1, 5, 10 and 25 HZ) were examined using 
the AMPT. 
It was found that increasing the RAP content and loading frequency at a constant 
temperature resulted in an increase in dynamic modulus.  However, when the RAP 
content and the temperature increased, the dynamic modulus values decreased. 
Statistical analysis (ANOVA) showed that the temperature and load frequency had a 
major effect on the dynamic modulus and phase angle.  The results confirmed that 
increasing the RAP content made the material more rut resistant, the addition of 
more than 20% RAP resulted in a decrease in fatigue life.  Maintaining the loading 
frequency between 15 Hz and 20 Hz resulted in higher dynamic modulus values 
than at the other frequencies. 
Nair and Priyadharshini (2013) investigated the dynamic modulus of modified and 
unmodified asphalt mixes in India, specifically the influence of temperature and 
loading frequency.  The dynamic modulus results were then used to develop a 
master curve.  It was found that the laboratory performance of the modified mixes 
was superior to the unmodified mixes at higher temperatures, the dynamic modulus 
of the modified mixes was lower at different frequencies and that the modified mix 
was more resistant to rutting than the unmodified mix. 
Ceylan et al. (2008) attempted to improve the dynamic modulus prediction models 
using Artificial Neural Networks (ANN) followed by laboratory analysis and 
measurement.  The ANN model was also compared with the Hirsch dynamic 
modulus prediction model utilising the same input variables.  It was concluded that 
the ANN model was able to better predict the dynamic modulus than Hirsch model. 
Ghaffarpour et al. (2009) developed stiffness master curves for some asphalt mixes.  
Their study revealed that loading time and temperature were the factors which had 
the most significant influence on the mechanical properties of viscoelastic materials.  
The experimental test results obtained at various temperatures were compared with 
the frequency.  In this investigation, two different sigmoidal and polynomial models 
were used to represent the master curve function using a non-linear least square 
regression technique (Ghaffarpour et al. 2009).  The polynomial and sigmoidal 
models were compared using Williams, Landel & Ferry (WLF) equation.  A good 
consistency was achieved using the sigmoidal model at temperatures of 5°C, 25°C, 
and 45°C. 
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Zhu et al. (2011) investigated the influence of four polymer modifiers on the 
performance of asphalt mixes.  In this study, the effect of temperature, frequency 
and confining pressure on the dynamic modulus of asphalt was investigated and the 
master curves developed.  They used Witczak’s (2002) model to predict the 
dynamic modulus and then adjusted the results to a reference temperature of 40°C.  
The results showed that the Witczak model could be used to predict the dynamic 
modulus of polymer-modified asphalt mixes.  In addition, the dynamic modulus was 
higher at high frequencies, low temperatures and high confining pressures. 
The AASHTO MEPDG uses dynamic modulus and Poisson’s ratio to determine the 
characteristics of asphalt mixes.  Cross and Sumesh (2007) conducted testing at 
various temperatures, stress levels and loading frequencies.  A master curve was 
developed to explain the correlation between stiffness, mix temperature and 
frequency of loading.  The master curve was also united with a binder aging model.  
The use of this master curve resulted in an increase in the predicted service life of 
the pavement. 
Clyne et al. (2003) carried out complex modulus testing of four typical Minnesota 
asphalt mixes and generated master curves. The values estimated from these 
master curves for those mixes were compared, under the same conditions with 
values determined from two predictive equations proposed in the AASHTO (2002) 
Pavement Design Guide.  The dynamic modulus of 20 specimens was used to 
develop the master curves.  When testing was conducted on the same mixes, the 
dynamic modulus decreased when the temperature increased.  The phase angle 
decreased when the temperature was increased from 40°C to 54°C. 
Zou et al. (2010) carried out dynamic shear testing and used the time-temperature 
superposition principal to obtain the rheological functions for the asphalt mixes.  The 
Christensen-Anderson-Marasteanu rheological model (Marasteanu and Anderson 
1999) and morphology theory was used to determine the morphological properties 
of the rheological master curves.  Four equations were used: complex modulus 
master curves, phase angle master curve, temperature shift factor and strain shift 
factor.  In addition, two different types of asphalt and two mixture gradations were 
utilised.   
Asgharzadeh and Tabatabaee (2013) carried out some tests to evaluate modified 
binder time-temperature properties and their performance in accordance with their 
rheological master curves.  A PG58-22 base binder was modified with styrene 
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butadiene styrene (SBS), ethylene vinyl acetate, polyphosphoric acid and crumb 
rubber.  ‘G’ master curves (Dynamic Shear Modulus master curves) and phase 
angles of these modified binders were generated based on the results obtained from 
the dynamic shear rheometer and bending beam rheometer at temperatures ranging 
from 30˚C to about 88˚C. 
The ‘G’ master curves for both polymer modified binders (PMBs) indicated a 
significant increase in stiffness for the low frequency range at high temperature and 
some decrease at the lower temperatures.  In addition, due to a reduction in the 
phase angle master curves over the entire frequency range, the behaviour of the 
SBS-modified binder was more elastic than the unmodified binder.  The stiffness of 
the modified binders increased with temperature but softened at low temperatures. 
Al-Khateeb et al. (2006) developed a new simple mechanistic empirical model to 
predict the dynamic modulus of asphalt at various loading frequencies and 
temperatures.  In developing this model, the dynamic modulus of asphalt mixes 
having various performance grades covering highly modified and unmodified binders 
was determined based on the results of simple performance testing (SPT).  A 
sigmoid function was used to determine the dynamic modulus and the reference 
temperature was 19˚C.  The Hirsch model was also used to predict the dynamic 
modulus of all the asphalt mixes.   
2.4 Summary 
A great deal of research directed at the modelling of the behaviour of asphalt has 
been conducted.  Some of this research was directed at predicting the fatigue life of 
asphalt whilst some was directed to the development of new models to make the 
mechanistic-empirical design more accurate and reliable. 
The different approaches can be summarised as follows: 
• numerical approach 
• experimental approach 
• combination of numerical and experimental approaches. 
In terms of the experimental approach, three methods to investigate the fatigue 
behaviour of asphalt were identified: 
• strain-stress approach (sometimes known as phenomenological approach) 
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• dissipated energy approach 
• fracture mechanics approach. 
The majority of the approaches involved four-point bending beam testing and almost 
all the researchers described the test as very time-consuming. 
A great deal of research was directed at modelling the viscoelastic behaviour of 
asphalt by measuring the dynamic modulus and developing master curves.  
However, few studies were identified which were relevant to typical mixes used in 
Western Australia. 
2.4.1 Study gaps 
The need to predict the fatigue life of asphalt relying on very time-consuming tests is 
challenging.  Furthermore, the testing programs reported were conducted on 
different materials.  This limits the ability to draw a base line for material testing and 
modelling. 
As the work reported in this thesis involves extensive laboratory testings on a single 
material type (AC14/75 blows), the following areas were identified where further 
research was needed and could be addressed in the program reported in this thesis: 
1. Develop testing protocols which will allow more reliable and valid test results. 
2. Predict the fatigue life when the termination condition (i.e. when the stiffness is 
reduced to 50% of its initial value) is not met. 
3. Model the behaviour of the asphalt at different temperatures, loading 
frequencies and strain levels. 
4. Investigate the relevance and applicability of current models to the typical WA 
mix selected for this study. 
5. Conduct further investigations on the fatigue endurance limit (FEL). 
6. Conduct further investigations on the healing of viscoelastic material. 
2.5 Objectives of the research 
Owing to time constraints, it was not possible to address all the challenges and 
study gaps which have been identified in this chapter.  However, it was possible to 
identify the following objectives which were both achievable in terms of available 
resources and also relevant to practice in Western Australia: 
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1. Develop testing protocols for the evaluation of the fatigue and viscoelastic 
properties of a standard asphalt mix commonly used as a structural (> 40 mm 
thick) layer in pavements in WA. 
2. Develop a new fatigue life prediction model based on the laboratory test data. 
3. Develop a new accelerated laboratory testing approach that allows the fatigue 
behaviour of asphalt to be modelled at different test temperatures, loading 
frequencies and strain levels. 
4. Develop master curves for the asphalt mix that can be input into the 
mechanistic-empirical design procedures used in Australia. 
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3 SAMPLE PREPARATION 
One of the most important tasks of every experimental study is the sample 
preparation.  A high degree of confidence is needed that the sample manufacture 
has been carried out correctly; otherwise, the reliability and validity of the results can 
be compromised. 
This study involved two methods of samples preparation: 
1. the preparation of beams of asphalt for repeated loading using the four-point 
bending beam apparatus 
2. the preparation of cylinders of asphalt for compressive cyclic loading using the 
AMPT. 
The asphalt selected for testing was an AC14 with 75 Marshall blows (AC14/75) 
provided by BGC Hazelmere WA.  This is a typical asphalt mix widely used in WA 
as structural and surfacing layer.  The typical minimum thickness is 40 mm.  The 
properties of the mix are presented in Table 3.1. 
Table 3.1: Properties of AC14/75 asphalt mix 
Bitumen class 320 
Bitumen content (%) 4.7±0.3 
Marshal voids (%) 4-6 
Minimum stability (kN) 8 
Flow (mm) 2 - 4 
Minimum refusal void (350 cycles Gyropac) 2.5 
The aggregates type used in the mix was a combination of 14 mm, 10/7 mm and 
5 mm aggregate and dust.  The particle size distribution (PSD) of each aggregate is 
shown in Table 3.2 and Figure 3-1. 
3.1 Details of testing conducted on the mixes 
A number of tests were conducted during the sample preparation stage in line with 
the standards shown in Table 3.3.  The results of this testing are discussed in the 
following sub-sections. 
   
- 25 -  
 
Table 3.2: Particle size distribution (PSD) of aggregates (Provided by BGC Hazelmere WA) 
Sieve Size 
(mm) 
Aggregate category 
14 mm 10/7 mm 5 mm Dust 
% passing % passing % passing % passing 
19.00 100 100 100 100 
13.20 87.3 100 100 100 
9.50 22.8 89.6 100 100 
6.70 5.4 49.3 100 100 
4.75 2.2 13.5 93.6 99.9 
2.36 1.3 2.8 38.4 91.5 
1.18 1 1.9 24.4 69.89 
0.600 0.4 0.7 15.4 48.97 
0.300 0.4 0.7 9.7 31 
0.150 0.4 0.7 5.5 17.04 
0.075 0.35 0.67 3.02 9 
 
 
Figure 3-1: Aggregates PSD (provided by BGC Hazelmere WA) 
Table 3.3: Standards used for testing during sample preparation 
Standard Title Year 
WA 730.1 Bitumen content and particle size distribution of asphalt and stabilised soil: Centrifuge method 2011 
AS 2150 Hot mix asphalt  a guide to good practice 2005 
WA 732.2 Maximum density of asphalt – Rice method 2011 
AS 2891.2.1 Sample preparation – Mixing, quartering and conditioning of asphalt in the laboratory 1995 
AGPT/T220 Compaction of asphalt slabs suitable for characterisation 2005 
AS 2891.2.2 Sample preparation – Compaction of asphalt test specimens using a Gyratory compactor 2014 
AS 2891.9.2 Determination of bulk density of compacted asphalt – Pre-saturation method 2005 
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3.1.1 PSD and binder content 
After the binder was extracted from the asphalt mix, the PSD of the aggregate was 
determined in accordance with WA 730.1-2011.  The PSD of the combined 
aggregates is presented in Table 3.4 and Figure 3-2.  The binder content of this mix 
(by mass) was 4.69%, which will be reported as 4.7% in the remainder of this thesis. 
Table 3.4: PSD of combined aggregates in AC14/75 mix 
Sieve size 
(mm) 
Lower limit1 Upper limit2 Mix PSD 
19.0 100 100 100 
13.2 90 100 90.4 
9.5 72 83 78.3 
6.7 54 71 69.1 
4.75 43 61 56.7 
2.36 28 45 42.6 
1.18 19 35 33.3 
0.600 13 27 22.4 
0.300 9 20 17.3 
0.150 6 13 11 
0.075 4 7 4.3 
1&2 In accordance with AS 2150–2005. 
 
 
Figure 3-2: PSD of combined aggregates in AC14/75 mix 
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The lower and upper limits of the allowable PSD are shown in Table 3.5 and Figure 
3-3.  It is apparent that the PSD was close to the upper limit defined AS 2150-2005 
(Table 3.4) and close to the lower limit defined by BGC Hazelmere WA (Table 3.5). 
Table 3.5: Lower and upper limits of PSD (BGC Hazelmere WA) 
Sieve size 
(mm) 
Lower limit1 Upper limit2 Mix PSD 
19.0 100 100 100 
13.2 100 100 90.4 
9.5 85 100 78.3 
6.7 70 85 69.1 
4.75 62 75 56.7 
2.36 53 70 42.6 
1.18 35 52 33.3 
0.600 24 40 22.4 
0.300 15 30 17.3 
0.150 10 24 11 
0.075 7 16 4.3 
1&2 Provided by BGC Hazelmere WA 
 
 
Figure 3-3: Lower and upper limits provided by BGC Hazelmere WA 
3.1.2 Maximum density 
The maximum density of a mix is used together with bulk density of the mix and the 
density of the binder to obtain volumetric quantities such as air voids, voids in the 
mineral aggregate, voids field with asphalt and effective asphalt content. The testing 
was conducted in accordance with WA 732.2-2011.  The average maximum density 
was 2.449 t/m3 (2.45 t/m3.) 
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3.2 Preparation of asphalt samples 
As the mix was provided by BGC Hazelmere WA in approximately 50 steel 
containers with the capacity of 25 kg it was necessary to reheat the mix prior to the 
manufacture of the samples.  The sample preparation was carried out in accordance 
with AS 2891.2.1.  As already stated, two sets of samples were prepared: beams cut 
from slabs for fatigue testing and cylindrical moulds for AMPT testing. 
3.2.1 Preparation of beams from slabs for fatigue testing 
The slabs were compacted in accordance with Austroads Test Method AGPT/T220 
(Austroads 2005).  A cooper roller-slab compactor (Figure 3-4) was used to compact 
the mix at the target air void content (Figure 3-5a).  Temperature control during the 
compaction process is very important.  For this reason, a digital thermometer was 
used to control the temperature of the mix during the conditioning and compacting 
stages (Figure 3-5b).  After the cooling-down process, but within 48 hours, the slabs 
were cut into beams (Figure 3-6). 
  
a) Compaction with roller compactor b) Pressure adjustment 
Figure 3-4: Slab compaction 
a) Compacted slab b) Temperature control of slab during 
compaction 
Figure 3-5: (a) Prepared slab and (b) temperature control 
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Figure 3-6: Cutting process and beams prepared for testing 
3.2.2 Preparation of cylinders for AMPT testing 
All the cylinders were compacted in accordance with AS 2891.2.2.  A Gyratory 
compactor was used to compact the mixes (Figure 3-7).  The set-up of the Gyratory 
compactor is shown in Table 3.6 which is commonly used in Australia for AC14/75 
mixes.  Once again, the temperature during conditioning and compaction was 
controlled using a digital thermometer illustrated in Figure 3-8.  After compaction, 
the moulds were cooled for 48 hours and then cut into cylinders (Figure 3-9). 
Table 3.6: Gyratory compactor settings 
Target Height (mm) 171.3 
Angle of Gyration (Degree) 3 
Mould Diameter (mm) 150 
 
  
Figure 3-7: Preparation of cylinders for AMPT testing 
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Figure 3-8: Temperature control of AMPT cylinders during compaction 
  
Figure 3-9: Cutting of prepared AMPT cylinders 
3.3 Volumetric properties of prepared samples 
Apart from maximum density and binder content, there are other volumetric 
properties of asphalt that need to be identified prior to testing.  A schematic asphalt 
mix phase diagram, which explains the volumetric properties of the mix, is presented 
in Figure 3-10. 
The following volumetric properties were determined before testing commenced: 
• maximum density of mix (Gmm) 
• bulk density of asphalt (Gmb) 
• bulk density of aggregates (Gsb) 
• binder density (Gb) 
• air voids content (Va) 
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• % binder content by mass (Pb) 
• % aggregate content by mass (Ps) 
• voids in mineral aggregates (VMA) 
• voids filled with asphalt (VFA). 
 
Figure 3-10: Asphalt mix phase diagram 
The bulk density was determined in accordance with AS2891.9.2 (pre-saturation 
method).  The following equations were used to calculate the other parameters: 
  )A = 100 × e66 − e6=e66  3-1 
where    
)\ = % air voids  eff = maximum density (2.449 t/m3)  ef[ = bulk density (t/m3)  
 
  gh = 100 − g= = 100 − 4.7 = 95.3 3-2 
where    
g[ = % binder content by mass  gi = % aggregate content by mass  
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  )F+ = 100 − e6= × gheh=  3-3 
where    )F+ = voids in mineral aggregates  
ei[ = bulk density of aggregates (t/m3)  
 
  )*+ = 100 × )F+ − )A)F+  3-4 
where    )*+ = voids filled with asphalt  
 
As discussed earlier, sample preparation is the preliminary step in any experimental 
testing program and precise control of the asphalt mix in terms of temperature 
control, air voids content and compaction is required if reliable and consistent results 
are to be generated.  It is acknowledged that it is impossible to address all the errors 
introduced during sample preparation, including operator error or repeatability.  
However, in order to minimise the errors introduced during the sample preparation 
stage the following guidelines are offered: 
• Condition and compact the asphalt under controlled temperature conditions 
using a digital thermometer. 
• Compact the material in a consistent way to achieve an air voids content as 
close as possible to the design value. 
• Store the samples in a safe, temperature-controlled, location where the 
probability of damage is minimised.  Examples of correct and incorrect storage 
are shown in Figure 3-11. 
  
a) Incorrect sample storage b) Correct sample storage 
Figure 3-11: examples of incorrect and correct storage of samples 
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4 RESULTS OF PRELIMINARY TESTING AND 
DEVELOPMENT OF REVISED PROTOCOLS 
4.1 Introduction 
After performing more than ten trial dynamic modulus tests on cylindrical specimens 
using the AMPT machine, some problems were noted in terms of the standard error 
on the load, which was greater than 10%, and also the peak-to-peak strain level, 
which should have been between 85-115 µε based on Project 9-29 (NCHRP 
2008b). 
In addition, after performing more than 20 trial tests on beams it was found that 
there were some issues with the outputs from the EN Standard Tester (the four-
point bending beam apparatus), specifically the phase angle not being in the 
required range.  This will be discussed in detail later in this chapter.  There was also 
another problem related to the deformation of the beams when the haversine 
loading mode was applied. 
In terms of the testing of the cylindrical samples using the AMPT, there were also 
some problems, especially at higher temperatures (≥40°C) and at lower frequencies 
(0.01-0.1 Hz) where there were some problems achieving the correct load pulse 
shape (haversine or sinusoidal).  The issues arose because of the need to stay 
within the defined strain level, the associated low levels of stress being applied to 
the samples and the introduction of errors associated with noise generated by the 
machine. 
Clearly, if there are errors in any of the parameters (phase angle, load, deformation 
and applied level of strain) introduced during testing, then the results will not be 
valid.  The main purpose of this chapter, therefore, is to propose some solutions 
aimed at overcoming the problems associated with the use of enhanced testing 
techniques such as those adopted in the study reported in this thesis.  It will be 
explained how it is possible to obtain valid data at higher temperatures and low 
frequencies through the use of the dithering technique (the addition of an external 
signal to the operating system), Proportional, Integral and Derivative (PID) control 
and Adaptive Level of Control (ALC). 
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4.2 Definition of ‘validity’ and ‘reliability’ 
There are two significant terms which must be taken into account with any 
experimental program: ‘validity’ and ‘reliability’.  An explanation of ‘validity’ and 
‘reliability’ is presented in Figure 4-1. 
In terms of reliability, when testing similar samples under the same conditions, the 
reliability of the test results can be defined as the level of consistency which is 
mostly explained by percentage3.  Design reliability is discussed further in Section 
5.2.3 and 5.5.  In terms of ‘validation’, Austroads (2012) defines a ‘validation test’ as 
a standardised procedure to test the validity of test results from a measuring device. 
 
Figure 4-1: Schematic explanation of validity and reliability 
Errors introduced during laboratory are related to either the method of sample 
preparation and/or the testing equipment.  Some methods to minimise the errors in 
sample preparation were proposed in the previous chapter. 
                                               
3 Reliability factors are incorporated into the pavement design procedures presented in Austroads 
(2012). Reliability factors are transfer functions that, in the case of asphalt, relate a mean laboratory 
fatigue life (Shell 1978) to the predicted in-service fatigue life at a desired level of project reliability. 
In effect they comprise two components: 
• a shift factor relating mean laboratory fatigue life to a mean in-service fatigue life, taking account 
of the differences between the laboratory test conditions and the conditions applying to the in-
service pavement 
• a reliability factor relating mean in-service fatigue life to the in-service life predicted at a desired 
project reliability, taking into account factors such as construction variability, environment and 
traffic loading. 
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The focus in this chapter will be the identification of the possible errors associated 
with the operation of the EN standard tester and the AMPT and the development of 
solutions aimed at minimising these generated errors, so that the data generated 
during testing will be more reliable and valid. 
4.3 Test equipment 
As already discussed, the EN Standard Tester is a four-point bending beam 
apparatus which runs fatigue tests on beams cut from slabs (Figure 4-2).  The 
hardware is compatible with series of software developed by the IPC Global 
Company (known as UTS15, UTS18 and UTS19).  The main jig is placed in a 
temperature-controlled chamber; the temperature can be varied from 4ºC to 60ºC. 
 
Figure 4-2: Curtin University Geomechanical Laboratory EN Standard Tester 
In addition to EN Standard Tester, IPC Global provided an Asphalt Mixture 
Performance Tester (AMPT) to run dynamic modulus tests on cylindrical samples 
(Figure 4-3). 
The US Federal Highway Administration (FHWA 2013) defines the AMPT as follows: 
“The AMPT is a computer-controlled hydraulic testing machine capable of 
subjecting a compacted asphalt mixture specimen to cyclic loading over a 
range of temperatures and frequencies. The device evaluates asphalt 
mixture properties to assess potential performance. Transportation 
agencies can use the AMPT to develop inputs for the structural design of 
flexible pavements and to obtain information helpful in monitoring mixes 
and performing quality assurance. The AMPT builds upon past efforts to 
develop a testing device for determining fundamental asphalt mixture 
performance properties. The current equipment and test methods have 
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been developed to optimize both testing time and cost. The AMPT has also 
been known as the Simple Performance Tester (SPT) in earlier research 
work and references.” 
The major components of this equipment are a triaxial cell, a temperature and air 
pressure control chamber and the data acquisition system.  The compatible software 
with this equipment is the UTS6. 
 
Figure 4-3: Curtin University Geomechanical Laboratory AMPT 
4.3.1 UTS15 
This software is compatible with Austroads Test Method AGPT/T233 (Austroads 
2006).  Although the loading mode template is defined as haversine, the user can 
change the shape to sinusoidal.  Major outputs of this software are beam stiffness, 
phase lag between stress and strain, dissipated energy for each cycle and 
cumulative dissipated energy.  The UTS15 user interface is shown in Figure 4-4. 
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Figure 4-4: UTS15 test layout and description (UTS15 help menu) 
4.3.2 UTS18 
This software is compatible with the EN 12697 (2012).  The loading shape is 
sinusoidal and there is no option to change the shape of the load.  The major 
outputs are beam complex modulus, phase lag between stress and strain, 
dissipated energy for each cycle and cumulative dissipated energy.  This software is 
also able to plot the hysteresis loop for each load cycle.  The UTS18 user interface 
is shown in Figure 4-5. 
4.3.3 UTS19 
This software is known as user-programmable software; the user can program it to 
change the shape of the load and the rest periods and apply multiple load cycles.  
The software is suitable for researching the healing phenomenon by applying rest 
periods to the loads. Major output of this software is the material stiffness and it 
does not record the phase lag between stress and strain (It is important to mention 
that phase angle is not recordable while applying rest periods to the loads). The 
UTS19 user interface is shown in Figure 4-6. 
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Figure 4-5: UTS18 test layout and description (UTS18 help menu) 
 
Figure 4-6: UTS19 test layout and description (UTS19 help menu) 
4.3.4 UTS6 
This software is compatible with NCHRP (2008b) for running the dynamic modulus 
test at different temperatures and frequencies to generate master curves. The major 
outputs are dynamic modulus, phase angle, hysteresis loop, cumulative dissipated 
energy, and strain and stress. The UTS6 user interface is shown in Figure 4-7.  
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Figure 4-7: UTS6 test layout and description (UTS6 help menu) 
4.4 Associated errors 
After running several trial tests on the EN standard tester and the AMPT, it was 
observed that some errors were generated by the UTS15 and UTS6 programs.  An 
explanation of these errors, and some techniques to overcome them, are now 
presented. 
4.4.1 Errors associated with UTS 15 and suggested solutions 
When a sinusoidal stress is applied to a viscoelastic material there is a time lag 
between the applied stress and resulting strain during which some energy 
dissipated. This time lag between the stress and strain sinusoids can be associated 
with an angular lag. The angular lag between the two sinusoids is defined as the 
phase angle.  The relationship between stress and strain can be defined using the 
Kelvin Model for viscoelastic material which is represented in Equation 4-1: 
 
 
j∗ = lm cosp+ q	sinp 4-1 
where    j∗ = complex modulus of viscoelastic material (MPa)  l = initial stress (µε)  m = initial strain (µε)  p = phase lag between stress and strain (degrees)  
Theoretically the maximum phase angle is 90º for a totally viscous material and 0º 
for a totally elastic material (see Figure 4-8). Values for asphalt mixes are always in 
between these two theoretical limits. 
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Figure 4-8: Phase lag between stress and strain 
Problems generated by applying haversine loading in the UTS15 can be related to: 
(1) beam deformation, and (2) phase angle range. 
4.4.1.1 Beam deformation 
While applying the haversine loading, after a few cycles the neutral position of the 
beam changes and the stress trend becomes sinusoidal rather than haversine.  The 
change in neutral line position is compared in Figure 4-9 and Figure 4-10. 
 
Figure 4-9: Original position of neutral line before testing 
Neutral line original 
position 
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Figure 4-10: Change in location of neutral line after testing 
Most recent studies of the fatigue behaviour of asphalt mixes have involved either 
sinusoidal (Equation 4-2) or haversine loading (Equation 4-3). 
 
 r = sin s 4-2 
 
 
r = sins + t2 	 4-3 
Figure 4-11 shows the shape of these load forms.  It can be seen from this Figure 
that, for the same domain, the range of the sinusoidal loading is double that of the 
haversine loading.   On that basis, and for the same specified deflection of the 
beam, the strain level for the sinusoidal loading should be set at one-half of the level 
for the haversine loading. 
 
Figure 4-11: Comparison of haversine and sinusoidal load shapes 
The loading adjustment required to reach a strain level of 200 µε for both haversine 
and sinusoidal loading is shown in Figure 4-12. 
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Figure 4-12: Comparison of loading adjustments required to reach 200 µε 
(haversine and sinusoidal wave forms) 
Although it is stated in Austroads (2006) that the cyclic loading shape should be 
haversine, most researches apply sinusoidal loading rather than haversine loading 
when trying to address shape loss problems.  This keeps the neutral line position in 
the same location because the beam is pushed down and then pulled back to its 
original position. 
4.4.1.2 Phase angle range 
After running some trial tests on asphalt beams using the UTS15 software, it was 
noted that the recorded phase angle was out of range, ranging from -100º to 270º as 
illustrated in Figure 4-13.  To overcome this issue, and after some trial-and-error, an 
innovative method was developed. 
 
Figure 4-13: Incorrect phase angle outputs varying from -100º and 270º 
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It was suggested that, rather than placing the beam in the normal condition, it should 
be flipped in such a way that the top of the beam seats on the supports and the 
clamps seat on the bottom surface.  The load setting should then be changed from 
positive to negative, making the load ‘upside down’.  The set-up is shown in  
Figure 4-14. 
  
a) Beam surface on top (normal) b) Beam surface on supports (proposed) 
Figure 4-14: Flipping the sample from the normal position to proposed condition to overcome 
the phase angle problem 
Using this arrangement, in some situations the output is negative, e.g. -130º should 
be +50º.  This can be corrected in the Excel spreadsheet by adding 180 to negative 
results.  Using this technique resolves almost all the errors associated with the 
phase angle.  The desired phase angle output after this revised set-up is applied is 
shown in Figure 4-15. 
 
Figure 4-15: Phase angles after proposed correction method applied 
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4.4.2 Errors associated with UTS6 and suggested solutions 
Based on the recommendations in NCHRP 9-29 (NCHRP 2008b), the standard error 
for the load in each test should not be more than 10% and the strain level should 
remain between 85 µɛ and 115 µɛ.  Staying at the mentioned threshold requires the 
application of very small load to the specimen. At such low load levels, the load 
measurement noise becomes so large relative to target load that the load standard 
error of 10% is easily exceeded and that the resulting strain is usually below the 
target range of the strain level of 85 µɛ to 115 µɛ. 
A typical noisy wave shape when testing was conducted at a temperature of 40°C 
and a frequency of 0.01 Hz is shown in Figure 4-16. 
 
Figure 4-16: Noise interference: controlled sinusoidal stress at 40°C and a frequency of 0.01 Hz 
It can be seen from Figure 4-17 that, at a high temperature (40°C) and a frequency 
of 0.01 Hz the load standard error and strain level are out of the range defined in 
NCHRP (2008b). 
 
Figure 4-17: Out of range strain level and load standard error in 40°C and 0.01 Hz in UTS6 output 
To overcome these errors some control engineering techniques can be used as 
follows: 1) proportional, integral and derivative (PID) controls, 2) Adaptive level of 
control, and 3) dithering. 
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4.4.2.1 PID controls 
Almost all system controllers use PID control, comprising a proportional controller, 
an integral controller and a derivative controller. 
Proportional controller: As the name implies, while the system is in the 
proportional control mode, the controller measures the errors and calculates the 
number of actions needed to correct them by proportioning the output value to the 
error.  This is achieved by multiplying the raised error to proportional gain.  
Equation 4-4 is used to calculate the output of the proportional controller. 
  guS	 = &v2w 4-4 
where    guS	 = output value of proportional controller  &v = proportional gain  2 = error (set point – present value)  w = time (seconds)  
Integral controller: In this control mode, the system tries to bring the output to a 
set-point as close as possible over a defined period of time.  Equation 4-5 is used to 
calculate the output of the integral controller: 
  xuS	 = &J] 2y	 by 4-5 
where    xuS	 = output value of integral controller  &J = integral gain  y	 = integration variable  
Derivative controller: This control mode tries to minimise the system’s overshoot 
and undershoot by estimating the error in the system’s future operation.   
Equation 4-6 is used to calculate the output of the derivative controller: 
  zuS	 = &{ b2wbw  4-6 
where    zuS	 = output value of derivative controller,  &{ = derivative gain  
By summing proportional, integral and derivative output values the PID controller 
output can be calculated using Equation 4-7. 
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  |w = &v2w + &J] 2y	 by + &{ b2wbw  4-7 
where    |w = output value of PID controller,  
A schematic flowchart for the PID controller is shown in Figure 4-18. 
 
Figure 4-18: Schematic PID controller flowchart 
After a large number of AMPT trials to reach the desired wave shape at each 
temperature and frequency, a default PID gain was established.  The PID gains for 
different temperatures are shown in Table 4.1 and Table 4.2. 
Table 4.1: Proposed PID gains for 4°C 
PID 
Gains 
Frequency (Hz) 
25 20 10 5 2 1 0.5 0.2 0.1 0.01 
P 1600 1600 1500 1500 1500 1500 1500 1500 1600 1600 
I 12 12 12 12 12 12 12 12 12 12 
D 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300 
Table 4.2: Proposed PID gains for 20°C and 40°C 
PID 
Gains 
Frequency (Hz) 
25 20 10 5 2 1 0.5 0.2 0.1 0.01 
P 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 
I 15 15 15 15 15 15 15 15 15 15 
D 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 
 
4.4.2.2 Adaptive level control (ALC) 
One of the most important requirements when testing materials is that the output in 
remains in the range set by user.  For example, when testing using the AMPT 
machine, and as discussed earlier, the applied strain level should remain in the 
range of 85-115 µɛ.  For this reason, in UTS6 software user interface, there is an 
option where the user can select ALC by ticking the related check box which is 
   
- 47 -  
 
shown in the Figure 4-19.  This automatically adjusts the system controllers during 
testing. 
 
Figure 4-19: Adoptive Level Control (ALC) check-box in UTS6 Tuning interface 
4.4.2.3 Dithering 
Sometimes it is not possible to obtain the desirable load shape by just using the PID 
control and the ALC because of the presence of noise in the system.  As a result, it 
is very desirable that the noise level be minimised as much as possible.  This can be 
achieved by adding an external signal to the operating system called “dithering”. 
As shown in Figure 4-16, while running the test at a low frequency level (e.g. 
0.01 Hz) and at a high temperature (e.g. 40°C) the shape of sinusoidal curve is very 
noisy.  Dithering is one of the best control engineering techniques used to remove 
this noise.  For this reason it is recommended that a dither with a span altitude of 
0.5% be added to the system.  This can be done by modifying UTS6 software 
system setup (Figure 4-20). 
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Figure 4-20: How to apply 0.5% dither to the UTS6 system setup 
4.5 A new testing protocol for the EN Standard Tester and 
the AMPT 
As discussed earlier in this chapter, there are some techniques that have been 
developed to minimise the errors associated with EN standard Tester and AMPT 
outputs.  Following are testing protocols that have been developed for both testing 
apparatus. 
4.5.1 EN Standard tester testing protocol steps while operating UTS15 
software 
The steps that should be taken to minimise the out-of-range phase angle problems 
discussed earlier are as follows: 
Step 1. Flip the sample over in such a way that the beam’s top surface seats on the 
support. 
Step 2. Apply the load in reverse order to reach the same condition as if the normal 
testing procedure was used. 
Step 3. Add 180° in the CSV output to the negative phase angles (e.g. -130) and 
save it as a new Excel spreadsheet. 
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4.5.2 AMPT testing protocol: steps while operating the UTS6 software 
The steps that should be taken to minimise the errors associate with out-of-range 
strain levels and load standard errors are as follows: 
Step 1. Before testing, set the PID gains using the proposed template values 
illustrated in Table 4.1 and Table 4.2 for different temperatures. 
Step 2. If the testing is being conducted at higher temperatures (e.g. 40°C and 
above) choose the ALC option in the Adoptive Level Control check-box shown 
in Figure 4-19 (this should be done only for high temperatures). 
Step 3. If the testing is being conducted at a high temperature (e.g. 40°C and 
above) apply dither with 0.5% of span amplitude as illustrated in Figure 4-20 
(this should be done only for high temperatures). 
The UTS6 output before and after applying the proposed protocol is shown in  
Figure 4-21 and Figure 4-22. 
 
a) Before following the proposed protocol 
 
b) After following the proposed protocol 
Figure 4-21: Sinusoidal stress shape before and after refinement 
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a) Before following the proposed protocol 
 
b) After following the proposed protocol 
Figure 4-22: Strain level and load standard error refinement following the proposed protocol 
4.6 Summary 
During preliminary dynamic modulus testing on cylindrical specimens using the 
AMPT machine, some problems were noted in terms of the standard error on the 
load, which was greater than 10%, and also the peak-to-peak strain level, which 
should have been between 85-115 µε.  In addition, after performing trial four-point 
bending fatigue testing on beams it was found that there were some issues with the 
outputs from the EN Standard Tester, specifically the phase angle not being in the 
required range.  There was also a problem related to the deformation of the beams 
when the haversine loading mode was applied. 
In terms of the testing of the cylindrical samples using the AMPT, there were also 
some problems, especially at higher temperatures (≥40°Celsius) and at lower 
frequencies (0.01-0.1 Hz) where there were difficulties achieving the correct load 
pulse shape (haversine or sinusoidal).  These issues were associated with the need 
to stay within the defined strain level, the low levels of stress being applied to the 
samples and the introduction of errors associated with noise generated by the 
machine during testing. 
Clearly, if there are errors in any of the parameters (phase angle, load, deformation 
and applied level of strain) introduced during testing, then the results will not be 
valid. 
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One purpose of this chapter, therefore, was to describe in detail the problems 
encountered during this preliminary and the steps taken to overcome the problems 
associated with the use of enhanced testing techniques such as those adopted in 
the study reported in this thesis.  It was demonstrated that it is possible to obtain 
valid data at higher temperatures and low frequencies through the introduction of 
proportional, integral and adoptive control and the addition of an external signal to 
the operating system.  This is discussed in detail in this Chapter. 
The other purpose of this chapter was to present revised testing protocols for the EN 
Standard Tester (four-point bending) and AMPT testing which were developed to 
minimise the errors introduced during testing, in particular out-of-range phase angle 
problems associated with the EN tester and out-of-range strain levels and load 
standard errors associated with the AMPT tester. 
   
- 52 -  
 
5 TEST RESULTS AND ANALYSIS 
5.1 Introduction 
The objective of this chapter is to present the test results carried out at the Curtin 
University Geomechanical Laboratory and an analysis of those results.  The scope 
of the testing program can be divided into two major sections: 
1. the fatigue behaviour of the asphalt mix using the four-point bending beam 
apparatus 
2. the linear viscoelastic behaviour of the asphalt mix and the development of 
compressive and bending master curves under different testing conditions. 
5.1.1 Fatigue behaviour of asphalt mixes under repeated loading 
In order to gain a better understanding of the behaviour of the asphalt under 
repeated loading the following tests were conducted: 
• eight tests in accordance with the Austroads (2006) 
• 18 tests in accordance with EN Standard 12697-24 (2012) to determine the 
fatigue curve equation 
• 24 tests at four strain levels, three temperatures and two loading modes 
(haversine and sinusoidal) to evaluate the influence of wave shape on 
behaviour 
• 15 tests at five frequencies (0.1, 1, 5, 10 and 25 Hz) at three different 
temperatures (4°C, 20°C and 40°C) and different strain levels (100-1500 µε) to 
evaluate the influence of frequency and temperature on behaviour 
• 26 tests to examine the healing properties of asphalt using three rest periods 
(0.1, 0.3 and 0.9 seconds) and two loading modes (haversine and sinusoidal).  
All results were compared with the results obtained without rest periods. 
This testing was in addition to the testing conducted to develop the testing protocol 
presented in Chapter 4.  During the abovementioned testing program, some beams 
failed due to unexpected reasons, e.g. power outage, hydraulic jack damages, etc.; 
these results were excluded from the analysis. 
5.1.2 Linear viscoelastic behaviour of asphalt mix 
In order to study the linear viscoelastic behaviour of the asphalt, testing of both 
beams and cylindrical samples was conducted to generate data which would enable 
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master curves for different testing conditions to be developed.  The following testing 
was conducted: 
• eight tests of cylindrical samples without confining pressure 
• three tests of cylindrical samples with 65 kPa confining pressure 
• three tests of cylindrical samples with 135 kPa confining pressure 
• ten tests of beams using haversine loading (to develop one single master 
curve) 
• 28 tests of beams using sinusoidal loading (to develop one single master 
curve). 
5.2 Approaches used 
In terms of both fatigue behaviour (Section 5.2.1) and the development of master 
curves (Section 5.2.2), six different approaches were adopted: 
1. The determination of the fatigue life of asphalt beams according to Austroads 
(2006) using the four-point bending beam apparatus and the UTS15 software. 
2. The development of a fatigue relationship in accordance with EN Standard 
12697 using the four-point bending beam apparatus and the UTS18 software. 
3. The determination of the effect of temperature on fatigue life using non-
standard testing and the UTS15 and UTS18 software. 
4. The examination of the fatigue behaviour of asphalt beams when tested at 
different frequencies, temperatures and strain levels and modelled using the 
non-standard form of tests using the UTS15 software. 
5. Examination of the healing of asphalt by introducing rest periods to both the 
haversine and sinusoidal load shapes using the UTS19 user-programmable 
software and the four-point bending beam apparatus. 
6. Development of master curves based on the testing of both asphalt cylinders 
and beams. 
5.3 Approach 1 
A total of eight asphalt beams were tested in accordance with Austroads (2006) at a 
temperature of 20°C, a strain level of 400 µɛ and a frequency of 10 Hz.  A summary 
of the testing conditions is presented in Table 5.1 whilst the results of the testing are 
presented in Figure 5-1. 
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Table 5.1: Summary of testing conditions (in accordance with AGPT/T233) 
Sample 
no. 
Frequency 
(Hz) 
Strain 
level 
(µɛ) 
Temperature 
(°C) 
Test 
status 
Air 
voids  
(%) 
Initial 
stiffness 
(MPa) 
Total 
cycle 
count 
1 10 400 20 failed 6.0 6021 34,900 
2 10 400 20 completed 5.6 6696 61,170 
3 10 400 20 failed 5.9 6979 37,270 
4 10 400 20 completed 5.1 7799 112,450 
5 10 400 20 completed 5.2 7600 131,570 
6 10 400 20 completed 5.2 6801 98,610 
7 10 400 20 completed 5.5 6948 127,020 
8 10 400 20 completed 5.5 7038 68,600 
Average for all samples 5.5 6991 83,949 
Average without failed samples 5.32 7155 99,903 
 
 
Figure 5-1: Fatigue curves for beams under haversine loading  
(testing in accordance with AGPT/T233) 
It is apparent from Table 5.1 and Figure 5-1 that samples 1 and 3 failed during 
testing.  Excluding those results, the average fatigue life was just under 100,000 
cycles (99,903 cycles). 
5.4 Approach 2 
As stated in EN 12697-24 (2012) the predicted fatigue life should be derived using 
linear regression of the number of cycles required for the stiffness of the asphalt to 
reduce to 50% of its initial value (Nf) and the initial strain amplitude recorded after 
100 cycles of load (Equation 5-1): 
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  lnU = + + + × ln	mJ 5-1 
where    U = number of cycles required for the stiffness of the 
asphalt to reduce to 50% of its initial value 
 
mJ = initial strain level recorded after 100 load cycle  +	and	+	 = experimental coefficients extracted by linear regression  
To meet the standard requirements, a minimum of 18 beams should be tested 
before the regression analysis is attempted.  The test conditions are presented in 
Table 5.2, whilst the results are summarised in Table 5.3. 
Table 5.2: Testing conditions and number of samples tested (approach 2) 
Number of 
samples 
Loading shape Frequency (Hz) Strain level (µɛ) 
(Peak-to-Peak) 
Temperature 
(°C) 
6 Sinusoidal 10 300 20 
6 Sinusoidal 10 400 20 
6 Sinusoidal 10 500 20 
 
Table 5.3: Results of testing (approach 2) 
Strain Level 
(µɛ) 
Beam no Nf εi Ln Nf LN εi 
Test 
status 
500 
9 65,445 494.974 11.089 6.205 completed 
10 140,894 495.6 11.856 6.206 completed 
11 27,732 497.164 10.230 6.209 failed 
12 27,538 497.96 10.223 6.210 failed 
13 78,137 496.572 11.266 6.208 completed 
14 88,441 496.658 11.390 6.208 completed 
400 
15 16,123 398.784 9.688 5.988 failed 
16 66,613 397.408 11.106 5.985 failed 
17 299,395 397.288 12.610 5.985 completed 
18 321,900 397.122 12.682 5.984 completed 
19 137,959 396.37 11.835 5.982 completed 
20 306,667 398.704 12.634 5.988 completed 
300 
21 827,519 297.906 13.626 5.697 completed 
22 836,031 299.02 13.636 5.701 completed 
23 2,000,000 299.242 14.509 5.701 failed 
24 810,014 299.262 13.605 5.701 completed 
25 284,339 299.512 12.558 5.702 failed 
26 189,559 298.402 12.152 5.698 failed 
It can be seen from Table 5.3, that the fatigue life of some samples was very short.  
Although it is stated in EN 12697-24 that the number of samples tested, and used to 
develop the regression equation, should be 18, it was decided to remove the failed 
samples from the analysis and re-analyse the data.  Three methods were used to 
develop the regression equation were based on: 
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1. the results for 18 samples (Figure 5-2) 
2. the results without the failed samples (Figure 5-3) 
3. the average for each testing condition (Table 5.4 and Figure 5-4). 
Table 5.4: Averaged results for each strain level and all samples (approach 2) 
Strain level 
(µɛ) 
Average 
Nf εi Ln Nf LN εi 
500 71364.5 496.488 11.010 6.208 
400 191442.8 397.613 11.759 5.985 
300 824577 298.891 13.348 5.700 
 
 
Figure 5-2: Regression equation: approach 2, all beams 
 
Figure 5-3: Regression equation: approach 2, without failed beams 
 
Figure 5-4: Regression equation for averaged results at different strain levels (approach 2) 
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The calculated experimental coefficients are presented in Table 5.5.  It can be seen 
from this Table that the difference between Method 1 and Method 3 was almost 
negligible. 
Table 5.5: Comparison of three methods of analysis 
Method Analysis method A0 A1 R2 
Ɛ(106) 
(µɛ) 
1 all beams 39.858 -4.6643 0.5641 265.9651 
2 without failed samples 38.612 -4.3802 0.9092 287.4476 
3 average 39.79 -4.6529 0.9826 265.7166 
Using the fatigue relationships developed for all three methods the predicted strain 
level after 1 million load repetitions was calculated and the results are also 
presented in Table 5.5.  Once again, it can be seen that the calculated strains for 
Method 1 and Method 3 were almost identical and the difference between the 
results for these two methods, and Method 2, was 21 µɛ which might not be 
negligible in practice. 
5.5 Approach 3 
The asphalt fatigue relationship published in Austroads (2012) (Equation 5-2) is the 
Shell (1978) laboratory fatigue prediction model refined to replicate field conditions 
by multiplying it by a reliability factor (RF): 
 
 
U = ~* × 6918	0.856)= + 1.08	56J.$	>  5-2 
where    U = allowable number of repetitions of load  ~* = reliability factor for asphalt fatigue (considered as 0.67)  )= = percentage, by volume, of binder in the asphalt (11.2%)  56J = asphalt modulus (MPa)  > = tensile strain (constant strain mode)  
As discussed in Section 4.2, reliability factors are incorporated into the pavement 
design procedures.  The reliability factors for a desired project reliability published in 
Austroads (2012) are shown in Table 5.6. 
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Table 5.6: Reliability factors for desired project reliability (Austroads 2012) 
Desired project reliability 
80% 85% 90% 95% 97.5% 
2.5 2 1.5 1.0 0.67 
The aim of this approach was to compare the laboratory predicted fatigue life with 
the Austroads model assuming a reliability factor of 0.67 for a desired project 
reliability of 97.5%.  An attempt was also made to assess the effect of temperature 
and loading mode on the fatigue life.  For this reason the haversine wave form was 
initially applied at a range of strain levels and temperatures.  Following this, the 
same testing protocol was adopted but this time the sinusoidal wave form was used.  
Twelve beams were tested for each wave form as shown in Table 5.7. 
5.5.1 Haversine loading mode 
The UTS15 software was used to control the fatigue testing, which was conducted, 
in constant strain mode, on 12 prepared beams at temperatures of 4°C, 20°C and 
40°C and a frequency of 10 Hz.  Testing was conducted at four strain levels: 100 µε, 
200 µε, 300 µε and 400 µε.  The properties of the samples and test conditions are 
presented in Table 5.7. 
Table 5.7: Testing condition (approach 3) 
Loading 
Shape 
Temperature 
(°C) 
Beam 
no. 
Strain 
level 
(µε) 
Loading 
Shape 
Temperature 
(°C) 
Beam 
no. 
Strain 
level 
(µε) 
Haversine 
4 
27 100 
Sinusoidal 
4 
39 100 
28 200 40 200 
29 300 41 300 
30 400 42 400 
20 
31 100 
20 
43 100 
32 200 44 200 
33 300 45 300 
34 400 46 400 
40 
35 100 
40 
47 100 
36 200 48 200 
37 300 49 300 
38 400 50 400 
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Table 5.8: Properties of samples and test conditions (haversine loading) 
Beam 
no. 
Dimensions 
(mm) 
Air void  
content (%) 
Compaction 
temperature 
(˚C) 
Strain 
 level 
(µε) 
Frequency 
(Hz) 
Temperature 
(˚C) 
27 400×63×50 5.6 142 100 10 4 
28 400×63×50 5.1 142 200 10 4 
29 400×63×50 5.2 142 300 10 4 
30 400×63×50 5.2 142 400 10 4 
31 400×63×50 6 143 100 10 20 
32 400×63×50 5.9 143 200 10 20 
33 400×63×50 5.9 143 300 10 20 
34 400×63×50 5.5 142 400 10 20 
35 400×63×50 5.5 142 100 10 40 
36 400×63×50 4.7 142 200 10 40 
37 400×63×50 5.5 143 300 10 40 
38 400×63×50 5.6 143 400 10 40 
 
The results of the fatigue testing are presented in Table 5.9.  It is apparent from the 
Table that, in some cases, and especially at lower strain levels, the termination 
condition (viz. stiffness to reduce to 50% of the initial stiffness) was never attained.  
For example, whilst over 3 million cycles of load were applied to beam 27, there was 
no evidence of any significant change (reduction) in stiffness. 
Table 5.9: Summary of test results (haversine loading) 
Beam 
no. 
Strain level 
(µε)   
(Peak-to-Peak) 
Temperature 
(˚C) 
Cycles 
Initial 
stiffness 
(MPa) 
Final 
Stiffness 
(MPa) 
27 100 4 3,362,530 15545 16345 
28 200 4 2,000,000 15728 9244 
29 300 4 240,800 13617 6767 
30 400 4 57,540 14705 7295 
31 100 20 2,000,000 6885 5922 
32 200 20 2,000,000 6750 4844 
33 300 20 705,230 6629 3295 
34 400 20 93,800 5987 2993 
35 100 40 2,000,000 1238 970 
36 200 40 1,693,900 1170 637 
37 300 40 2,000,000 985 610 
38 400 40 1,000,000 952 468 
The UTS15 outputs for all the tested beams are presented in Appendix A. 
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5.5.2 Sinusoidal loading mode 
The UTS18 software was again used to control the testing of 12 different beams.   
The testing conditions were identical apart from the wave form adopted.  The 
properties of the samples and test conditions are presented in Table 5.10. 
Table 5.10: Properties of samples and testing conditions (sinusoidal loading) 
Beam 
no. 
Dimensions 
(mm) 
Air void  
content (%) 
Compaction 
temperature 
(˚C) 
Strain 
 level 
(µε) 
Frequency 
(Hz) 
Temperature 
(˚C) 
39 400×63×50 6.3 148 100 10 4 
40 400×63×50 6.5 148 200 10 4 
41 400×63×50 6.0 148 300 10 4 
42 400×63×50 6.4 145 400 10 4 
43 400×63×50 6.5 145 100 10 20 
44 400×63×50 6.6 145 200 10 20 
45 400×63×50 6.3 151 300 10 20 
46 400×63×50 6.4 151 400 10 20 
47 400×63×50 5.0 145 100 10 40 
48 400×63×50 5.5 150 200 10 40 
49 400×63×50 5.5 150 300 10 40 
50 400×63×50 5.4 150 400 10 40 
 
The results of the fatigue testing are presented in Table 5.11.  Once again, it is 
apparent from the Table that, in some cases, and especially at lower strain levels, 
the termination condition (viz. 50% stiffness reduction) was never attained. 
Table 5.11: Summary of test results (sinusoidal loading) 
Beam 
no. 
Strain level 
(µε) 
(Peak-to-Peak) 
Temperature 
(˚C) 
Cycles 
Initial 
stiffness 
(MPa) 
Final 
Stiffness 
(MPa) 
39 100 4 292,865 13080 13517 
40 200 4 1,421,602 14897 12090 
41 300 4 61,660 13653 6804 
42 400 4 71,890 15023 7501 
43 100 20 1,000,000 5822 5346 
44 200 20 2,000,000 5628 4281 
45 300 20 835,317 585 2940 
46 400 20 305,102 4899 2449 
47 100 40 2,000,000 1216 983 
48 200 40 1,467,800 1177 818 
49 300 40 1,394,584 1137 706 
50 400 40 916,690 1021 509 
The UTS18 outputs for all tested beams are presented in Appendix B. 
   
- 61 -  
 
5.5.3 Modelling the fatigue curve 
Two scenarios were used to model the fatigue life data: 
1. modelling based on the phase diagram 
2. modelling by curve-fitting on the test results. 
The fatigue data and the fitted curves for the different scenarios are presented in 
Appendix C. 
5.5.3.1 Scenario 1 
Normally three phases can be identified in a fatigue curve: the adjustment phase, 
the quasi-stationary phase, and the failure phase (Figure 5-5). 
Using this scenario, the fatigue curves for both the haversine and sinusoidal loading 
mode were investigated for each of the three phases.  At the lowest temperature 
level (4°C) the behaviour of the asphalt under repeated loading in Phase I was 
polynomial whereas, at the other temperatures (20°C & 40°C), the trend was 
logarithmic.  For Phase II and Phase III, under all testing conditions, the polynomial 
trend better replicated behaviour. 
As a result, Equation 5-3 was used to model the fatigue behaviour of the beams for 
temperatures of 20°C & 40°C in Phase I and Equation 5-4 was used to model the 
fatigue behaviour of the beams at a temperature of 4°C in Phase I and all 
temperatures in Phases II and III.  The test temperatures and the fitted curves for 
each phase are shown in Figure 2-1. 
 
Figure 5-5: Different phases in the laboratory fatigue behaviour of asphalt  
(Source: Di Benedetto et al. 2004) 
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Table 5.12: Fitted curves for different temperatures (scenario 1) 
Temperature 
(°C) 
Curve type 
Phase I  Phase II Phase III 
4 
polynomial 
Equation 5-4 
polynomial 
Equation 5-4 
polynomial 
Equation 5-4 
20 
logarithmic 
Equation 5-3 
polynomial 
Equation 5-4 
polynomial 
Equation 5-4 
40 
logarithmic 
Equation 5-3 
polynomial 
Equation 5-4 
polynomial 
Equation 5-4 
 
  j = \ lnU + [ 5-3 
where    j = material stiffness (MPa)  U = number of load cycles during testing  \, [	 = experimental coefficients extracted by regression 
analysis 
 
  j = cU + bU + U +  5-4 
where    c, b, 	&		 = experimental coefficients extracted by regression 
analysis 
 
 
The fitted parameters in scenario 1 for the haversine and sinusoidal loads under the 
different testing conditions (temperature, strain) are shown in Table 5.13 and  
Table 5.14 respectively. 
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Table 5.13: Parameters in scenario 1 under different testing conditions (haversine load) 
Testing condition 
Phase 
no 
Parameters 
Temperature 
(ºC) 
Strain 
(µε) 
a b c d f g R2 
4 
100 I, II, III Nil 
200 
I –– –– 0 1E-8 -0.011 15279 0.9602 
II –– –– 0 1E-10 -0.0025 13731 0.9938 
III Nil 
300 
I –– –– 0 3E-8 -0.0202 13390 0.9612 
II –– –– 0 -1E-7 0.0144 11691 0.9988 
III –– –– 0 2E-7 -0.1594 31055 0.9922 
400 
I –– –– 0 6E-6 -0.2296 14372 0.9835 
II –– –– 0 -8E-7 -0.0438 12889 0.9983 
III –– –– 0 2E-6 -0.4869 28161 0.9975 
20 
100 
I -99.05 7457.7 –– –– –– –– 0.9409 
II, III Nil 
200 
I -162.9 7603 –– –– –– –– 0.9872 
II –– –– 0 0 -0.0004 5542 0.954 
III Nil 
300 
I -228.5 7867.7 –– –– –– –– 0.9631 
II –– –– -1E-14 1E-8 -0.0067 5577 0.9967 
III –– –– 0 -3E-8 0.0384 8036.5 0.9966 
400 
I -266.4 7244.8 –– –– –– –– 0.9638 
II –– –– -7E-12 1E-6 -0.0679 5156.7 0.9953 
III –– –– 0 -3E-8 -0.0048 3723.8 0.9973 
40 
100 
I -30.86 1468.9 –– –– –– –– 0.8496 
II –– –– -2E-16 8E-10 -0.0011 1495.9 0.2088 
III Nil 
200 
I -28.25 1307.8 –– –– –– –– 0.9281 
II –– –– -2E-16 6E-10 -0.0006 1049.3 0.9465 
III Nil 
300 
I -25.93 1105.8 –– –– –– –– 0.946 
II –– –– -6E-17 2E-10 -0.0003 819.74 0.9659 
III Nil 
400 
I -33.59 1106.6 –– –– –– –– 0.9591 
II -52.5 1277.8 –– –– –– –– 0.9706 
III –– –– 0 -5E-11 -7E-5 593.74 0.9809 
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Table 5.14: Parameters in scenario 1 under different testing conditions (sinusoidal load) 
Testing condition 
Phase 
no 
Parameters 
Temperature 
(ºC) 
Strain 
(µε) 
a b c d f g R2 
4 
100 I, II, III Nil 
200 
I –– –– -3E-15 9E-9 -0.0072 14783 0.9781 
II, III Nil 
300 
I –– –– 0 4E-6 -0.1928 13555 0.9856 
II –– –– 0 5E-7 -0.1498 13881 0.999 
III –– –– 0 5E-7 -0.1453 13094 0.9993 
400 
I –– –– 0 1E-5 -0.3797 14984 0.9936 
II –– –– 0 1E-7 -0.0906 13368 0.9993 
III –– –– 0 0 -0.0474 10885 0.9993 
20 
100 
I -51.39 6116.8 –– –– –– –– 0.9244 
II, III Nil 
200 
I -103.3 6178.1 –– –– –– –– 0.9384 
II –– –– 6E-18 3E-11 -0.0003 4788 0.9955 
III Nil 
300 
I -189.5 6799.2 –– –– –– –– 0.9626 
II –– –– -9E-15 1E-8 -0.0065 4821.4 0.989 
III –– –– 0 -3E-8 0.0384 8036.5 0.9966 
400 
I -165.6 5684.2 –– –– –– –– 0.9801 
II –– –– -1E-13 7E-8 -0.0146 4156.8 0.9942 
III –– –– 0 -2E-8 -0.0043 2610.7 0.9998 
40 
100 
I -20.75 1333.2 –– –– –– –– 0.9014 
II –– –– 0 -6E-9 0.0239 22535 0.712 
III Nil 
200 
I -28.55 1307.8 –– –– –– –– 0.9281 
II –– –– -1E-16 3E-10 -0.0004 989.34 0.9844 
III Nil 
300 
I -25.93 1313.3 –– –– –– –– 0.9895 
II –– –– -4E-16 1E-9 -0.0008 953.65 0.9664 
III Nil 
400 
I -34.71 1183.5 –– –– –– –– 0.998 
II –– –– -2E-15 3E-9 0.0014 865.14 0.9664 
III –– –– 0 -5E-9 0.0085 -2837 0.988 
 
5.5.3.2 Scenario 2 
In this scenario the best fit of the fatigue life data was sought using the Microsoft 
Excel® Solver analysis tool.  After fitting different curves to the fatigue test results it 
was found that the logarithmic equation explained the fatigue behaviour the best for 
different temperatures.  The fatigue life model for different temperatures, for both 
haversine and sinusoidal loading conditions, is given in Equation 5-5. 
  j = 	[lnU + ] + j6A 5-5 
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where    j = material stiffness (MPa)  U = number of load cycle during testing  , , 	 = curve fitting parameters  j6A = maximum theoretical stiffness (MPa)  
The fitted parameters in scenario 2 for the haversine and sinusoidal loads under the 
different testing conditions (temperature, strain) are shown in Table 5.15 and  
Table 5.16 respectively. 
Table 5.15: Parameters in scenario 2 under different testing conditions (haversine load) 
Beam 
no 
Strain 
(µɛ) 
Temperature 
(°C) 
Parameters 
α β γ j6A R2 
27 100 4 –– –– –– –– –– 
28 200 4 -2404.16 0.000930 204.9861 28058.88 0.9943 
29 300 4 -47478.9 0.000131 273.0574 279808.5 0.9775 
30 400 4 -66173.4 0.000442 261.5319 382310.6 0.9934 
31 100 20 -118.623 0.000232 0.505345 6704.244 0.9797 
32 200 20 -221.493 0.000701 1.140445 6612.877 0.9909 
33 300 20 -510.053 0.00829 57.43464 8358.673 0.9865 
34 400 20 -611.225 0.004149 5.836144 6877.806 0.9973 
35 100 40 -34.4806 0.0028 1.879754 1307.761 0.9335 
36 200 40 -68.2936 0.00143 24.98016 1318.393 0.9719 
37 300 40 -49.3504 0.003519 15.44289 1068.225 0.9917 
38 400 40 -63.9396 0.003708 13.62051 1053.156 0.9865 
Table 5.16: Parameters in scenario 2 under different testing conditions (sinusoidal load) 
Beam 
no 
Strain 
(µɛ) 
Temperature 
(°C) 
Parameters 
α β γ j6A R2 
39 100 4 –– –– –– –– –– 
40 200 4 734.007 0.002149 95.95034 18192.93 0.9943 
41 300 4 65920.7 0.000474 260.5978 380128.8 0.9973 
42 400 4 3486.84 0.011442 134.0903 31957.35 0.9969 
43 100 20 83.0708 0.000151 0.508049 5751.48 0.9974 
44 200 20 197.861 0.000467 2.561016 5733.522 0.9939 
45 300 20 379.508 0.00917 11.23672 6738.068 0.9956 
46 400 20 382.912 0.008216 13.45101 5802.541 0.9938 
47 100 40 39.1738 0.000494 4.635038 1259.937 0.9345 
48 200 40 44.8581 0.0024 2.249163 1199.548 0.9964 
49 300 40 48.2966 0.003097 1.040576 1132.366 0.9973 
50 400 40 58.4286 0.002399 2.395716 1049.351 0.9947 
Examples of curve fittings for both scenario 1 and scenario 2 are presented in 
Figure 5-6 and Figure 5-7. 
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Figure 5-6: Example of curve fitting for defined scenarios (haversine loading) 
 
Figure 5-7: Example of curve fitting for defined scenarios (sinusoidal loading) 
5.5.3.3 Applying extrapolation methodology to scenario 1 and scenario 2 
As stated earlier, in some tests the termination condition was not met and fatigue life 
could not be determined.  In these cases it was necessary to extrapolate the data to 
estimate after how many loading cycles the stiffness reached 50% of its initial value.  
This was done using the equations proposed for the aforementioned scenarios. 
Extrapolation using scenario 1 model 
It is obvious from the fatigue curve phase diagram (Figure 5-5) that the most 
important phase for extrapolation is phase II.  By feeding the fitted parameters 
presented in Table 5.13 and Table 5.14 into Equation 5-4 the fatigue life for 
unterminated tests was determined.  The results for scenario 1 are shown in  
Table 5.17 and Table 5.18 for haversine and sinusoidal loading respectively. 
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Table 5.17: Extrapolated fatigue life for unterminated tests (haversine loading) 
Testing condition Fitting Parameters for Phase II 
Need for 
extrapolation? 
Fatigue life Temperature  
(ºC) 
Strain 
(µε) 
a b c d f g R2 
4 
100 Nil yes unpredictable 
200 –– –– 0 1E-10 0.0025 13731 0.9938 yes 2,495,000 
300 –– –– 0 -1E-7 0.0144 11691 0.9988 no 240,800 
400 –– –– 0 -8E-7 0.0438 12889 0.9983 no 57,540 
20 
100 Nil yes unpredictable 
200 –– –– 0 0 0.0004 5542 0.954 yes 5,245,000 
300 –– –– -1E-14 1E-8 0.0067 5577 0.9967 no 705,230 
400 –– –– -7E-12 1E-6 0.0679 5156.7 0.9953 no 93,800 
40 
100 –– –– -2E-16 8E-10 0.0011 1495.9 0.2088 yes unpredictable 
200 –– –– -2E-16 6E-10 0.0006 1049.3 0.9465 yes 2,070,000 
300 –– –– -6E-17 2E-10 0.0003 819.74 0.9659 yes 2,092,000 
400 52.5 1277.8 –– –– –– –– 0.9706 no 1,000,000 
 
Table 5.18: Extrapolated fatigue life for unterminated tests (sinusoidal loading) 
Testing condition Fitting Parameters for Phase II 
Need for 
Extrapolation? 
Fatigue life Temperature 
(ºC) 
Strain 
(µε) 
c d f g R2 
4 
100 Nil yes unpredictable 
200 -3E-15 9E-9 0.0072 14783 0.9781 yes unpredictable 
300 0 5E-7 0.1498 13881 0.999 no 61,660 
400 0 1E-7 0.0906 13368 0.9993 no 71,890 
20 
100 Nil yes unpredictable 
200 6E-18 3E-11 0.0003 4788 0.9955 yes 569,000,000 
300 -9E-15 1E-8 0.0065 4821.4 0.989 no 835,317 
400 -1E-13 7E-8 0.0146 4156.8 0.9942 no 305,102 
40 
100 0 -6E-9 0.0239 22535 0.712 yes 5.3×1010 
200 -1E-16 3E-10 0.0004 989.34 0.9844 yes 286,883,192 
300 -4E-16 1E-9 0.0008 953.65 0.9664 yes 11,224,983 
400 -2E-15 3E-9 0.0014 865.14 0.9664 no 916,690 
Extrapolation using scenario 2 model 
In order to precisely determine fatigue life in the laboratory the most important step 
is to compare the laboratory fatigue life when the test is terminated with the fatigue 
life estimated by the model.  For this reason, Equation 5-5 has been re-arranged 
into Equation 5-6 to predict the fatigue life. 
  U = 2
9  −   5-6 
where    jJ = initial stiffness recorded at cycle number 100 (MPa)  U = estimated fatigue life (cycles)  , , 	 = curve fitting parameters  
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j6A = maximum theoretical stiffness (MPa)  
 
By feeding the fitting parameters presented in Table 5.15 and Table 5.16 into 
Equation 5-5, the fatigue life for scenario 2 was estimated and the results are 
presented in Table 5.19 for tests where the fatigue life was known and there was no 
need for extrapolation. 
Table 5.19: Comparison of estimated fatigue life with laboratory results (scenario 2) 
Loading 
Mode Beam 
no 
Strain 
(µɛ) 
Temp. 
(°C) 
Parameters Laboratory 
fatigue life 
Model 
predicted 
fatigue 
life 
α β γ j6A jJ 
haversine 29 300 4 47478.9 0.000131 273.0574 279808.5 13617.8 240,800 314,000 
haversine 30 400 4 66173.4 0.000442 261.5319 382310.6 14705.7 57,540 62,100 
haversine 33 300 20 510.053 0.00829 57.43464 8358.673 6629.5 705,230 2,370,000 
haversine 34 400 20 611.225 0.004149 5.836144 6877.806 5987.3 93,800 137,000 
haversine 38 400 40 63.9396 0.003708 13.62051 1053.156 951.9 1,000,000 2,240,000 
sinusoidal 41 300 4 65920.7 0.000474 260.5978 380128.8 13562.6 61,660 57,800 
sinusoidal 42 400 4 3486.84 0.011442 134.0903 31957.35 15022.6 71,890 85,200 
sinusoidal 45 300 20 379.508 0.00917 11.23672 6738.068 5885.1 835,317 2,400,000 
sinusoidal 46 400 20 382.912 0.008216 13.45101 5802.541 4899.2 305,102 771,000 
sinusoidal 50 400 40 58.4286 0.002399 2.395716 1049.351 1021.3 916,690 4,210,000 
It is apparent from Table 5.19 that almost all the fatigue lives predicted by the 
models are much higher than the laboratory results.  It is also apparent from  
Figure 5-8 that feeding the termination stiffness of 2,994 MPa into the proposed 
model resulted in a higher predicted fatigue life compared to the laboratory test 
results.  The termination stiffness therefore should be adjusted using an adjustment 
factor (Ф).  This adjustment is explained in Figure 5-9. 
 
Figure 5-8: Difference between proposed model and laboratory results 
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Figure 5-9: Adjusting the termination stiffness for modelled fatigue curve 
By applying the adjustment factor to the termination stiffness and the model predicts 
the fatigue life more accurately.  The modified fatigue life prediction model which 
uses the adjusted termination stiffness is shown in Equation 5-7. 
  U = 2
∅9  −   5-7 
where    ∅ = adjustment Factor  
In terms of how to determine the adjustment factor, the following step-by-step 
methodology is proposed: 
1. A curve fitted on terminated (50% stiffness reduction) laboratory fatigue result 
and the adjusted stiffness was recorded (Figure 5-10). 
. 
Figure 5-10: Adjusting the termination stiffness for fitted curve 
2. It was assumed that the tested beam had lost only 43.5% of its original 
stiffness so a curve was fitted on 43.5% stiffness reduction. This fitted curve 
has extended to the termination stiffness (50% reduction in stiffness) and the 
adjusted stiffness was recorded (Figure 5-11). 
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Figure 5-11: Adjusting the termination stiffness for fitted curve on 43.5% stiffness reduction state 
3. Repeat Step 2 by decreasing the stiffness reduction in 0.5% intervals until a 
reduction of 6.5% is achieved 
4. Repeat Steps 1 and 2 for all terminated tests and develop an adjustment 
factor template using Equation 5-8. 
  ∅ = jj  5-8 
where     = stiffness reduction (43.5%, 43%, 42.5%b, 6.5%)   ∅ = adjustment factor for j  j  = adjusted stiffness for j  j = termination stiffness  
The adjustment factors for the terminated tests are plotted in Figure 5-12.  It is 
apparent from this Figure that the maximum and minimum adjustment factors were 
1.5 and 1.1 respectively.  Note also that there are two zones in this plot: if a material 
loses more than 20% of its initial stiffness then the adjustment factor falls into the 
linear trend zone; otherwise, it falls into non-linear trend zone. 
 
Figure 5-12: Adjustment factors for terminated tests in different stiffness loss state 
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In order to predict the fatigue life of the unterminated tests the adjustment factors 
were averaged and the maximum and minimum adjustment factors for each 
stiffness reduction state recorded.  The plotted average adjustment factors are 
shown in Figure 5-13.  It is apparent from this Figure that the fatigue life estimation 
for the unterminated tests is more precise in the linear trend zone where the 
minimum stiffness reduction is 10%. 
 
Figure 5-13: Average, maximum and minimum adjustment factors for fatigue life prediction 
The average, maximum, minimum and standard deviation of the adjustment factors 
are shown in Table 5.20. 
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Table 5.20: Template adjustment factors for different stiffness reduction states 
% 
Stiffness 
Loss 
Adjustment factors (Фi) 
STD 
% 
Stiffness 
loss 
Adjustment factors (Фi) 
STD 
Average Max Min Average Max Min 
43.5 1.1788 1.2625 1.1264 0.0489 25 1.2809 1.3523 1.2307 0.0556 
43 1.1816 1.2661 1.1318 0.0490 24.5 1.2838 1.3523 1.2315 0.0559 
42.5 1.1850 1.2693 1.1358 0.0491 24 1.2877 1.3574 1.2329 0.0567 
42 1.1878 1.2694 1.1399 0.0490 23.5 1.2902 1.3575 1.2340 0.0564 
41.5 1.1909 1.2727 1.1438 0.0494 23 1.2922 1.3575 1.2351 0.0564 
41 1.1935 1.2758 1.1477 0.0492 22.5 1.2944 1.3598 1.2360 0.0567 
40.5 1.1965 1.2790 1.1528 0.0494 22 1.2967 1.3599 1.2367 0.0564 
40 1.1995 1.2821 1.1565 0.0493 21.5 1.2994 1.3649 1.2369 0.0566 
39.5 1.2020 1.2851 1.1601 0.0494 21 1.3010 1.3649 1.2373 0.0564 
39 1.2044 1.2852 1.1636 0.0490 20.5 1.3034 1.3650 1.2384 0.0561 
38.5 1.2077 1.2900 1.1682 0.0493 20 1.3058 1.3650 1.2406 0.0551 
38 1.2101 1.2901 1.1715 0.0488 19.5 1.3092 1.3683 1.2436 0.0550 
37.5 1.2134 1.2957 1.1758 0.0497 19 1.3119 1.3705 1.2470 0.0547 
37 1.2156 1.2957 1.1789 0.0494 18.5 1.3159 1.3706 1.2508 0.0522 
36.5 1.2181 1.2994 1.1829 0.0495 18 1.3192 1.3706 1.2553 0.0508 
36 1.2210 1.3034 1.1867 0.0500 17.5 1.3234 1.3748 1.2593 0.0493 
35.5 1.2234 1.3036 1.1894 0.0495 17 1.3267 1.3747 1.2644 0.0482 
35 1.2263 1.3086 1.1929 0.0502 16.5 1.3307 1.3747 1.2694 0.0453 
34.5 1.2285 1.3087 1.1962 0.0501 16 1.3331 1.3749 1.2743 0.0438 
34 1.2310 1.3115 1.1994 0.0500 15.5 1.3264 1.3775 1.2788 0.0419 
33.5 1.2339 1.3115 1.2031 0.0498 15 1.3303 1.3797 1.2831 0.0406 
33 1.2376 1.3178 1.2058 0.0511 14.5 1.3350 1.3834 1.2887 0.0378 
32.5 1.2401 1.3179 1.2091 0.0505 14 1.3388 1.3839 1.2939 0.0358 
32 1.2430 1.3216 1.2123 0.0513 13.5 1.3430 1.3835 1.2999 0.0329 
31.5 1.2454 1.3217 1.2153 0.0510 13 1.3484 1.3851 1.3041 0.0294 
31 1.2485 1.3257 1.2174 0.0519 12.5 1.3537 1.3924 1.3093 0.0285 
30.5 1.2511 1.3259 1.2186 0.0519 12 1.3607 1.3969 1.3147 0.0263 
30 1.2540 1.3305 1.2199 0.0528 11.5 1.3662 1.3982 1.3201 0.0264 
29.5 1.2569 1.3335 1.2213 0.0532 11 1.3707 1.3988 1.3249 0.0264 
29 1.2594 1.3335 1.2222 0.0536 10.5 1.3739 1.4036 1.3290 0.0271 
28.5 1.2614 1.3336 1.2235 0.0535 10 1.3807 1.4118 1.3249 0.0304 
28 1.2645 1.3375 1.2247 0.0542 9.5 1.3878 1.4351 1.3017 0.0394 
27.5 1.2668 1.3377 1.2258 0.0544 9 1.3935 1.4458 1.2994 0.0430 
27 1.2704 1.3428 1.2268 0.0551 8.5 1.3955 1.4500 1.2983 0.0505 
26.5 1.2724 1.3430 1.2278 0.0548 8 1.4013 1.4500 1.2934 0.0548 
26 1.2748 1.3474 1.2284 0.0552 7.5 1.4085 1.4677 1.2587 0.0678 
25.5 1.2776 1.3475 1.2293 0.0548 7 1.4253 1.4840 1.1456 0.1021 
     6.5 1.4338 1.5132 1.0054 0.1496 
 
The fatigue lives of the terminated tests were calculated using the adjustment 
factors in Equation 5-5.  The results are presented in Table 5.21. 
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Table 5.21: Predicted fatigue life (terminated tests) 
Loading 
Mode 
Beam 
no 
Strain 
(µɛ) 
Temp. 
(°C) 
Laboratory 
fatigue life 
fatigue life 
without 
adjustment 
Adjustment factor Fatigue life with adjustment  
Min Ave Max Min Ave Max 
haversine 29 300 4 240,800 314,000 1.084 1.147 1.237 234,000 264,000 285,000 
haversine 30 400 4 57,540 62,100 1.084 1.147 1.237 45,100 51,500 56,000 
haversine 33 300 20 705,230 2,370,000 1.084 1.147 1.237 503,000 908,000 1,370,000 
haversine 34 400 20 93,800 137,000 1.084 1.147 1.237 42,000 66,100 90,500 
haversine 38 400 40 1,000,000 2,240,000 1.084 1.147 1.237 381,000 748,000 1,200,000 
sinusoidal 41 300 4 61,660 57,800 1.084 1.147 1.237 43,000 48,600 52,500 
sinusoidal 42 400 4 71,890 85,200 1.084 1.147 1.237 46,400 58,900 69,100 
sinusoidal 45 300 20 835,317 2,400,000 1.084 1.147 1.237 382,000 768,000 1,250,000 
sinusoidal 46 400 20 305,102 771,000 1.084 1.147 1.237 168,000 300,000 450,000 
sinusoidal 50 400 40 916,690 4,210,000 1.084 1.147 1.237 529,000 1,160,000 2,020,000 
5.5.4 Comparison of fatigue life predictions (scenario 1 and scenario 2) 
The fatigue life of those beams where the termination condition was not met was 
estimated using the aforementioned extrapolation methodology in scenario 1 and 
scenario 2.  The results are presented in Table 5.22 and Table 5.23 for haversine 
and sinusoidal loading respectively. 
Table 5.22: Estimated fatigue life of unterminated tests (haversine loading) 
Beam 
no. 
Strain 
(µɛ) 
Temp. 
(°C) 
Total cycle 
count 
Cycles to 50% reduction in stiffness 
Best fatigue 
life 
prediction 
Test 
result 
Predicted 
life 
(Scenario 1) 
Predicted 
life 
(Scenario 2) 
27 100 4 3,362,530 NA unpredictable unpredictable >1012 
28 200 4 2,000,000 NA 2,495,000 2,300,000 2,300,000 
29 300 4 240,800 240,800 NA 264,000 240,800 
30 400 4 57,540 57,540 NA 51,500 57,540 
31 100 20 2,000,000 NA 2.9×1017 2.01×1011 2.01×1011 
32 200 20 2,000,000 NA 5,245,000 58,000,000 58,000,000 
33 300 20 705,230 705,230 NA 908,000 705,230 
34 400 20 93,800 93,800 NA 66,100 93,800 
35 100 40 2,000,000 NA 2.8×1011 809,000,000 809,000,000 
36 200 40 1,693,900 NA 2,070,000 6,960,000 6,960,000 
37 300 40 2,000,000 NA 2,092,000 4,060,000 4,060,000 
38 400 40 1,000,000 1,000,000 NA 748,000 1,000,000 
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Table 5.23: Estimated fatigue life of unterminated tests (sinusoidal loading) 
Beam 
No 
Strain  
(µɛ) 
Temp. 
(°C) 
Total Cycle 
count 
Cycles to 50% reduction in stiffness 
Best fatigue 
life 
prediction 
Test 
result 
Predicted 
life 
(Scenario 1) 
Predicted 
life 
(Scenario 2) 
39 100 4 292,865 NA unpredictable unpredictable > 1013 
40 200 4 1,421,602 NA unpredictable 43,700,000 43,700,000 
41 300 4 61,660 61,660 NA 48,600 61,660 
42 400 4 71,890 71,890 NA 58,900 71,890 
43 100 20 1,000,000 NA 7.1×1017 3.82×1012 3.82×1012 
44 200 20 2,000,000 NA 569,000,000 91,300,000 91,300,000 
45 300 20 835,317 835,317 NA 768,000 835,317 
46 400 20 305,102 305,102 NA 300,000 305,102 
47 100 40 2,000,000 NA 5.3×1010 278,000,000 278,000,000 
48 200 40 1,467,800 NA 286,883,192 12,700,000 12,700,000 
49 300 40 1,394,584 NA 11,224,983 3,110,000 3,110,000 
50 400 40 916,690 916,690 NA 1,160,000 916,690 
As discussed earlier, scenario 1 uses a polynomial function to fit a curve to the data 
obtained during the quasi-stationary phase (Phase II).  Almost all the fitted curves in 
scenario 2, Phase II, follow a third-degree polynomial trend.  Third-degree 
polynomial curves include an inflection point (IP).  An obvious drawback of scenario 
1 is that this IP is unknown (see Figure 5-14). 
 
Figure 5-14: Schematic of locations of inflection points for different termination conditions 
As can be seen from Figure 5-14, the scenario 1 extrapolation method is very 
sensitive to the location of the IP.  If the loss of stiffness is minor and the IP falls 
outside the termination zone, then the predicted fatigue life would be much higher 
than reality.  However, if the IP falls inside the termination zone then the estimated 
fatigue life would be close to or less than reality.  In other words, the extrapolations 
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are not robust enough to enable an accurate predicted of fatigue life.  This problem 
is addressed in scenario 2 by using the adjustment factors. 
5.5.4.1 Fatigue Endurance Limit (FEL) 
As discussed in the literature review, the Fatigue Endurance Limit (FEL) is defined 
as the strain level that, if a material experiences less than this strain level, then it will 
not fail due to fatigue associated from cumulative damage.  Using this approach, 
and at a low level of strain (100 µɛ), there is evidence (see Table 5.24) that the 
beams will last more than 100 million cycles.  The testing conditions under which 
extrapolation suggests that the beams will survive more than 100 million cycles of 
load are summarised in Table 5.24. 
Table 5.24: Fatigue life of the beams which are recorded as the evidence for FEL 
Beam 
no 
Strain 
(µɛ) 
Temperature 
(°C) 
Loading 
mode 
Estimated fatigue 
life 
27 100 4 haversine >1012 
31 100 20 haversine 2.01x1011 
35 100 40 haversine 809,000,000 
39 100 4 sinusoidal >1013 
43 100 20 sinusoidal 3.82×1012 
47 100 40 sinusoidal 278,000,000 
5.5.4.2 Austroads versus laboratory fatigue life predictions 
As already discussed, Equation 5-2 (Austroads 2012a) is used to calculate the 
fatigue life of asphalt.  These predicted lives are compared with the laboratory-
determined lives, for both haversine and sinusoidal loading modes, Table 5.25.  The 
Austroads and laboratory predicted fatigue lives for both the haversine and 
sinusoidal loading modes are also compared in Figure 5-15 to Figure 5-18.  The 
fatigue life is plotted on these Figures in both logarithmic and real scale for different 
strain levels. 
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Table 5.25: Comparison of Austroads and laboratory fatigue life predictions 
Beam 
no. 
Loading 
mode 
Strain 
(µɛ) 
Temp. 
(°C) 
Binder 
content 
by volume  
(%) 
Initial 
stiffness 
(MPa) 
Austroads 
fatigue life 
prediction 
Laboratory 
fatigue life 
prediction 
27 haversine 100 4 11.2 15629 4.182E+06 >1012 
28 haversine 200 4 11.2 15827 1.279E+05 2.300E+06 
29 haversine 300 4 11.2 13778 2.184E+04 2.408E+05 
30 haversine 400 4 11.2 14827 4.513E+03 5.754E+04 
31 haversine 100 20 11.2 6800 1.811E+07 2.010E+11 
32 haversine 200 20 11.2 6740 5.867E+05 5.800E+07 
33 haversine 300 20 11.2 6713 7.979E+04 7.052E+05 
34 haversine 400 20 11.2 6025 2.275E+04 9.300E+04 
35 haversine 100 40 11.2 1291 3.977E+08 8.090E+08 
36 haversine 200 40 11.2 1183 1.376E+07 6.960E+06 
37 haversine 300 40 11.2 998 2.468E+06 4.060E+06 
38 haversine 400 40 11.2 968 6.229E+05 1.000E+06 
39 sinusoidal 100 4 11.2 12766 5.706E+06 >1013 
40 sinusoidal 200 4 11.2 14850 1.411E+05 4.370E+07 
41 sinusoidal 300 4 11.2 13740 2.174E+04 6.166E+04 
42 sinusoidal 400 4 11.2 15340 4.343E+03 7.189E+04 
43 sinusoidal 100 20 11.2 5848 2.449E+07 3.820E+12 
44 sinusoidal 200 20 11.2 5716 8.137E+05 9.130E+07 
45 sinusoidal 300 20 11.2 6097 9.887E+04 8.353E+05 
46 sinusoidal 400 20 11.2 5159 3.264E+04 3.051E+05 
47 sinusoidal 100 40 11.2 1233 4.106E+08 2.780E+08 
48 sinusoidal 200 40 11.2 1223 1.359E+07 1.270E+07 
49 sinusoidal 300 40 11.2 1226 1.908E+06 3.110E+06 
50 sinusoidal 400 40 11.2 1119 5.489E+05 9.167E+05 
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Figure 5-15: Comparison between Austroads and laboratory fatigue life predictions (100 µɛ) 
 
 
Figure 5-16: Comparison between Austroads and laboratory fatigue life predictions (200 µɛ) 
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Figure 5-17: Comparison between Austroads and laboratory fatigue life predictions (300 µɛ) 
 
 
 
Figure 5-18: Comparison between Austroads and laboratory fatigue life predictions (400 µɛ) 
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It is apparent from these Figures that, in most cases the Austroads model 
underestimates the fatigue life compared to the laboratory-predicted lives.  The 
difference between the Austroads and laboratory-predicted lives (log (Nf)) is shown 
in Figure 5-19. 
 
Figure 5-19: Comparison of Austroads and laboratory results in terms of Log (Nf)  
A comparison of the predicted fatigue lives under haversine and sinusoidal loading 
is shown in Figure 5-20.  It can be seen that sinusoidal loading mode resulted in 
longer fatigue lives under all testing conditions. 
 
Figure 5-20: Comparison of sinusoidal and haversine results in terms of Log (Nf) 
5.5.5 Major findings (approach 3) 
The major findings as a result of using this approach are: 
• after extrapolation there was evidence of the presence of a ‘Fatigue 
Endurance Limit’ 
• the Austroads fatigue life prediction model generally under-predicted the 
fatigue life compared to the lives obtained using the ‘approach 3’ method. 
   
- 80 -  
 
5.6 Approach 4 
Almost all previous studies to model the behaviour of asphalt mixes under dynamic 
loading, using the four-point bending beam apparatus, have focussed on 
determining the fatigue life of the samples in the laboratory and relating it to field 
conditions.  As the fatigue testing of beams is very time-consuming, no study was 
identified in the literature review (Chapter 2) that investigated the influence of 
frequency, temperature and strain level together under repeated loading.  As a 
result, it was decided to conduct four-point bending beam testing at each 
temperature and frequency previously used but this time with the strain level 
gradually increased.  The testing conditions, which can be termed ‘accelerated 
testing’, are summarised in Table 5.26. 
Table 5.26: Testing conditions (approach 4) 
Beam 
no. 
Frequency 
(Hz) 
Temp. 
(°C) 
Strain range 
(µε) 
Strain 
interval 
(µε) 
Loading  
Shape 
Number of 
cycles in each 
testing interval 
51 0.1 4 100-–1000 100 Haversine 110 
52 1 4 100–1300 100 Haversine 1000 
53 5 4 100–1200 100 Haversine 1000 
54 10 4 100–1300 100 Haversine 1000 
55 25 4 100–400 100 Haversine 2500 
56 0.1 20 100–1400 100 Haversine 110 
57 1 20 100–1300 100 Haversine 1000 
58 5 20 100–1200 100 Haversine 1000 
59 10 20 100–900 100 Haversine 1000 
60 25 20 100–1200 100 Haversine 2500 
61 0.1 40 100–1200 100 Haversine 110 
62 1 40 100–1200 100 Haversine 1000 
63 5 40 100–1000 100 Haversine 1000 
64 10 40 100–1300 100 Haversine 1000 
65 25 40 100–1000 100 Haversine 2500 
 
The main target of this approach is to find a best behaviour curve for 
aforementioned testing conditions. To determine the shape of the curves the 
following steps were followed: 
1. Set up the temperature and frequency and strain level and run the test. 
2. As soon as the test is completed at that strain level increase the strain level by 
100 µε and repeat the tests in line with the protocol shown in Table 5.26. 
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3. Report all the results for each test.  For example, the results for beam 51 are 
shown in Figure 5-21.  Generate plots for all beams.  This step is named the 
‘unprocessed step’. 
4. A single curve is plotted for each beam by adding the previous strain level’s 
cycle number to the start of next one (Figure 5-22).  This step is termed the 
‘processed step’. 
5. The ‘line of best fit’ to the data is then established (Figure 5-23).  This step is 
termed the ‘curve fitting step’. 
 
Figure 5-21: Results of four-point bending testing a frequency of 5 Hz and a temperature of 4°C 
with the strain level gradually increasing (beam 53) 
 
Figure 5-22: Results of four-point bending testing a frequency of 5 Hz and a temperature of 4°C 
with the strain level gradually increasing (beam 53) 
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Figure 5-23: Line-of-best-fit to (frequency of 5 Hz and a temperature of 4°C for beam 53) 
Microsoft Excel® Solver Tool was used to determine the best fit for each curve to 
represent the behaviour of the asphalt under repeated haversine loading under 
different testing conditions.  It was found that the sigmoidal and homographic 
functions provided the closest fit to the data.  The sigmoidal function is shown in 
Equation 5-9 whilst the homographic function is shown in Equation 5-10. 
 
 j = F+ −


F+ −FxU
31 + 2P ?


 
5-9 
  j = F+1 + U 5-10 
where    j = stiffness (MPa)  F+ = maximum theoretical stiffness (MPa)  FxU = minimum theoretical stiffness (MPa)  xg = inflection point of fitted curve  U = cycle number  ,  = fitting parameters  
The maximum and minimum theoretical stiffness were then calculated using curve 
fitting.  The unprocessed, processed and curve fitting steps are presented in 
Appendix D, whilst the parameters for each fitted curve are summarised in  
Table 5.27. 
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Table 5.27: Parameters of fitted curves for different testing conditions (approach 4) 
Beam 
no. 
Testing 
condition Fitted curve 
function 
Fitted curve parameters 
F1 T2 MAX MIN IP α β R2 
51 0.1 4 sigmoidal 10670.76 1167.626 2494.377 0.007738 351.2332 0.9995 
52 1 4 sigmoidal 13749.51 357.2856 6465.978 1.10257 2173.2 0.9997 
53 5 4 sigmoidal 15946.9 1157.125 6044.617 0.983616 1278.203 0.9995 
54 10 4 sigmoidal 1278.203 362.5874 08493.618 0.358378 1405.574 0.9997 
55 25 4 Nil Nil Nil Nil Nil Nil Nil 
56 0.1 20 
sigmoidal 23272.45 614.76 -1134.46 0.456761 583.7609 0.9939 
homographic 2063.532 - - 0.001929 0.944535 0.9942 
57 1 20 
sigmoidal 25820.66 767.3429 -7343.99 0.553647 6293.939 0.9960 
homographic 4385.768 - - 1.82E-5 1.241486 0.9959 
58 5 20 
sigmoidal 30894.75 -3734.77 -11006.4 0.957541 14602.09 0.9992 
homographic 6685.928 - - 1.08E-7 1.787688 0.9967 
59 10 20 
sigmoidal 8883.501 -202.724 7628.745 0.690642 4490.217 0.9988 
homographic 6685.928 - - 1.08E-7 1.787688 0.9976 
60 25 20 
sigmoidal 9195.598 -199.246 16486.01 0.782494 5508.42 0.9961 
homographic NA NA NA NA NA NA 
61 0.1 40 homographic 360.074 - - 0.14945 0.734744 0.9637 
62 1 40 homographic 638.3448 - - 0.001721 0.74129 0.9880 
63 5 40 homographic 939.4524 - - 0.000986 0.76916 0.9943 
64 10 40 homographic 1399.687 - - 0.000115 0.996548 0.9958 
65 25 40 
sigmoidal 1911.194 -100.598 19332.46 0.858879 17931.73 0.9774 
homographic 1498.637 - - 0.000206 0.828356 0.9844 
1 Frequency (Hz)  
2 Temperature (º C)  
5.6.1 Major findings 
The major findings can be categorised in two parts: (1) the presence of healing and 
(2) the behaviour of the asphalt beams under different temperature and frequency 
conditions. 
5.6.1.1 Presence of healing 
As apparent from Figure 5-24, Figure 5-25 and Figure 5-26, on some occasions 
during testing (as indicated in the Figures) beams were able to recover their 
stiffness because of the viscoelastic nature of asphalt.  This phenomenon was more 
apparent at higher frequencies (5, 10 and 25 Hz). 
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Figure 5-24: Observed healing phenomenon at different frequencies and a temperature of 4°C 
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Figure 5-25: Observed healing phenomenon at different frequencies and a temperature of 20°C 
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Figure 5-26: Observed healing phenomenon at different frequencies and a temperature of 40°C 
5.6.1.2 Behaviour of asphaltic beams at different temperatures and 
frequencies 
As stated previously sigmoidal and homographic functions were used to model the 
behaviour of the beams in the accelerated testing method proposed in Approach 4.  
The results showed that, when the temperature was low (e.g. 4°C) the behaviour of 
the material was non-linear elastic and the sigmoidal function better modelled this 
non-linear elastic behaviour (see Figure 5-27). 
 
Healing points 
Healing points Healing points 
Healing points 
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Figure 5-27: Sigmoidal-fitted curves at different frequencies and a temperature of 4°C 
The most complex situation was observed when the temperature was set on 20°C.  
As is apparent from Figure 5-28, when the frequency was low (0.1 Hz and 1 Hz) the 
homographic function provided a better fit to the data; however, at the higher 
frequencies (5 Hz, 10 Hz and 25 Hz) the sigmoidal function provided a better fit.  
This is because when the frequency is low, the material behaviour is viscoelastic 
whereas, at the higher frequencies, the behaviour is non-linear elastic. 
 
Figure 5-28: Sigmoidal and homographic functions fitted to data collected at 20°C at different 
frequencies 
At the temperature level of 40°C, the homographic function was generally the most 
suitable for modelling the behaviour.  However, at the highest frequency level of 
25 Hz, both the sigmoidal and homographic functions could be used to model the 
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behaviour with very little difference in the goodness of fit (R2) values (see Figure 
5-29).   
 
Figure 5-29: Homographic fitted curves in different frequencies at 40°C 
5.6.2 Summary 
It can be concluded from Approach 4, that increasing the temperature from 4°C to 
40°C resulted in the line-of-best-fit changing from a sigmoidal function to a 
homographic function as the test frequency increased from 0.1 Hz to 25 Hz.  
Generally, however, the behaviour of the material was more in line with the 
sigmoidal function than the homographic function in lower temperatures and highest 
frequency. 
5.7 Approach 5 
Micro-cracks generated in asphalt can be ‘healed’ during the rest periods because 
asphalt is a viscoelastic material.  As discussed in the literature review in Chapter 2, 
a large number of studies have been conducted examining the healing properties of 
asphalt during four-point bending beam testing.  This is one of the reasons that a 
‘rest period’ is applied during testing – the other reason being that, by applying a 
rest period, the wave pulse is more indicative of actual loading conditions in the 
field. 
After observing the presence of healing during the Approach 4 testing, it was 
decided to conduct another series of tests (approach 5) where different rest periods 
and load shapes were introduced, at the same time keeping the temperature, 
frequency and strain level constant.  The testing conditions adopted for this part of 
the program are presented in Table 5.28. 
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Table 5.28: Testing conditions used in approach 5 
Beam no. 
Number of 
beams 
Strain 
(µɛ) 
Frequency 
(Hz) 
Temperature 
(ºC) 
Load shape 
Rest 
period 
(sec) 
66–69 4 400 10 20 haversine 0.1 
70–72 3 400 10 20 haversine 0.3 
73–79 7 400 10 20 haversine 0.9 
80–83 4 400 10 20 sinusoidal 0.1 
84–87 4 400 10 20 sinusoidal 0.3 
88–91 4 400 10 20 sinusoidal 0.9 
The results of this testing are presented in Figure 5-30 to Figure 5-35. 
 
Figure 5-30: Fatigue curves (haversine loading and 0.1 second rest period) 
 
Figure 5-31: Fatigue curves (haversine loading and 0.3 seconds rest period) 
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Figure 5-32: Fatigue curves (haversine loading and 0.9 second rest period) 
 
Figure 5-33: Fatigue curves (sinusoidal loading and 0.1 second rest period) 
 
Figure 5-34: Fatigue curves (sinusoidal loading and 0.3 second rest period) 
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Figure 5-35: Fatigue curves (sinusoidal loading and 0.1 second rest period) 
It is apparent from Figure 5-32 and Figure 5-35 that the fatigue testing on beam 75, 
76, 78 and 88 were not terminated.  As a result, the data needed to be extrapolated 
before the fatigue life could be determined using the extrapolation technique 
adopted for scenario 2 in approach 3.  The extrapolated fatigue lives for these 
beams are presented in Table 5.29 whilst the curves fitted to this data are shown in 
Figure 5-36. 
Table 5.29: Extrapolated fatigue lives of unterminated tests (approach 5) 
Beam 
no. 
Load 
shape 
Rest 
period 
(sec) 
Initial 
stiffness 
(MPa) 
% reduction in 
stiffness 
Adjusted 
stiffness 
(MPa) 
Extrapolated 
fatigue life 
75 haversine 0.9 6768 7.14 5120.7 1,207,509 
76 haversine 0.9 6608.5 12.26 4480.6 242,000 
78 haversine 0.9 6611.7 18.93 4333.9 475,379 
88 sinusoidal 0.9 6409 22.47 4146.6 460,000 
 
 
Figure 5-36: Fitted fatigue curves (unterminated tests, approach 5) 
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Following this extrapolation all the fatigue life were determined and the results are 
shown in Table 5.30.  It can be seen from the Table that the fatigue life results were 
not consistent and there was a great deal of scatter in the data.  The test results 
obtained using this approach were compared with the results obtained using the 
other approaches (i.e. without rest periods) and the results are also shown in the 
(right-hand column in Table 5.30.  It should be noted that beams 72 and 73 failed 
during testing; the reasons for this could not be identified. 
Table 5.30: Estimated laboratory fatigue lives (approach 5) 
Beam 
no. 
Load 
shape 
Rest 
period 
(sec) 
Testing 
status 
Fatigue life 
Maximum 
fatigue life 
(with rest 
period) 
Maximum fatigue life in 
all approaches 
(without rest period) 
66 haversine 0.1 terminated 98,817 
106,753 
131,570 
(beam 5, approach 1) 
67 haversine 0.1 terminated 106,753 
68 haversine 0.1 terminated 69,057 
69 haversine 0.1 terminated 53,249 
70 haversine 0.3 terminated 57,300 
223,760 
131,570 
(beam 5, approach 1) 
71 haversine 0.3 terminated 223,760 
72 haversine 0.3 failed 36,400 
73 haversine 0.9 failed 21,891 
1,207,509 
131,570 
(beam 5, approach 1) 
74 haversine 0.9 terminated 87,428 
75 haversine 0.9 unterminated 1,207,509 
76 haversine 0.9 unterminated 242,000 
77 haversine 0.9 terminated 123,397 
78 haversine  0.9 unterminated 475,000 
79 haversine 0.9 terminated 76,806 
80 sinusoidal 0.1 terminated 105,153 
230,401 
321,900 
(beam 18, approach 2 
81 sinusoidal 0.1 terminated 126,209 
82 sinusoidal 0.1 terminated 230,401 
83 sinusoidal 0.1 terminated 204,289 
84 sinusoidal 0.3 terminated 433,721 
712,736 
321,900 
(beam 18, approach 2 
85 sinusoidal 0.3 terminated 72,449 
86 sinusoidal 0.3 terminated 82,433 
87 sinusoidal 0.3 terminated 712,736 
88 sinusoidal 0.9 unterminated 460,000 
482,819 
321,900 
(beam 18, approach 2) 
89 sinusoidal 0.9 terminated 88,202 
90 sinusoidal 0.9 terminated 180,488 
91 sinusoidal 0.9 terminated 482,819 
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The maximum fatigue lives obtained with the different loading modes are presented 
in Figure 5-37. 
 
Figure 5-37: Maximum fatigue lives when testing was conducted with and without rest periods 
5.7.1 Major findings 
It can be concluded from the data presented in Table 5.30 and Figure 5-37 that the 
application of a rest period of 0.1 seconds with both the haversine and sinusoidal 
load functions did not have a significant effect on the laboratory fatigue life.  
However, the use of rest periods of 0.3 and 0.9 seconds resulted in an increase in 
the fatigue life of many of the beams and, in some cases, a dramatic increase. 
However, based on the test results obtained using this approach, no clear 
relationship between the duration of the rest period and fatigue life could be 
established, although there was some indication that an increase in the rest period 
could be associated with an increase in laboratory fatigue life.  Further work is 
required to investigate the effect of rest period duration on fatigue life. 
5.8 Approach 6 
It is generally accepted that the behaviour of an asphalt mix under repeated 
sinusoidal loading can be modelled using the theory of viscoelasticity.  For this 
reason, the complex modulus (j∗	is used to relate the stress and strain of linear 
viscoelastic materials.  The stress and strain relationship is shown in Equation 5-11: 
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  j∗ = l> = l sinw> sinw − p = l2
J 	>2J 	∅ 5-11 
where    j∗ = complex modulus  l = peak (maximum) stress  > = peak (maximum) strain  p = phase angle (degrees)   = angular velocity  w = time (seconds)  
Normally, the absolute value of complex modulus (or ‘dynamic modulus’) is used for 
design purposesflexural.  As linear viscoelastic materials are very sensitive to 
temperature and loading, the dynamic modulus will vary according to temperature 
and frequency of loading.  An example of this variation on a typical cylindrical 
sample is shown in Figure 5-38. 
 
Figure 5-38: Relationship between dynamic modulus and frequency for a range of temperatures 
Using time-temperature superposition concept, it is possible to generate a single 
sigmoidal curve at different temperatures and frequencies.  This single sigmoidal 
curve is called the ‘master curve’.  An example of a typical master curve, where the 
time-temperature superposition theory was used to shift the results obtained at 
temperatures of 4°C and 40°C to a reference temperature of 20°C, is shown in 
Figure 5-39. 
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Figure 5-39: Typical master curve developed by time-temperature superposition theory 
A commonly used expression of a ‘master curve’ relating dynamic modulus to 
reduced frequency (NCHRP 2008b) is shown in Equation (5-12): 
  log|j∗| = £ + 1 + 2¤¥¦uR § 5-12 
where    |j∗| = dynamic modulus  ¨ = reduced frequency (Hz)  
δ = minimum value of the logarithm of dynamic modulus  
δ+α = maximum value of the logarithm of dynamic modulus  
β, γ = sigmoidal curve shape parameters  
The reduced frequency is determined by multiplying the test frequency by a time-
temperature shift factor.  The relationship between reduced frequency, shift factor 
and frequency is given in Equation (5-13) 
  ¨ = \© ×  5-13 
where    ¨ = reduced frequency (Hz)  \© = temperature-frequency shift factor (see Equation 5-15)   = Frequency (Hz)  
Equation 5-14 shows the logarithmic shape of Equation 5-13: 
  log¨ = log + log\© 5-14 
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As explained earlier, the time-temperature superposition theory is used to fit a 
master curve to the test results.  This is done using a time-temperature shift factor 
(\.  Several equations have been developed to calculate the time-temperature 
shift factor, including (Kwan 1998): 
• Williams, Landel and Ferry (WFL) equation 
  log \ = − cT − T¨ c + T − T¨  5-15 
where    \ = shift factor  
T = measured temperature (°K)  T¨  = reference temperature (°K)  
c1 & c2 = constants  
• Kaelble (modified WFL) equation 
  log \ = − cT − T¨ c + |T − T¨ | 5-16 
• Arrhenius equation 
  
log \ = c × 	1© − 1T¨ 
 = 0.4347	∆jA~ × 	1© − 1T¨ 
= ∆jA19.14714 × 	1© − 1T¨ 
 5-17 
where    c = constant  ∆jA = activation energy  ~ = ideal gas constant  
According to NCHRP (2008b) there are two ways of determining the time-
temperature shift factor: (1) when the properties of the binder (e.g. viscosity and 
dynamic shear modulus) are available, and (2) when the properties of the binder are 
not available. 
5.8.1 Shift factor when binder properties are available 
Mirza and Witczak (1995) generated a model based on WFL equation which relates 
the time-temperature shift factor to binder viscosity (the Global Aging Model): 
  log \ = clog ¬ − log ¬%	­®¯ 5-18 
where    c = constant  ¬ = viscosity for different ranges of temperature and age  
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¬%	­®¯ = viscosity at the reference temperature of 70ºF (21ºC) 
based on AASHTO T240 (AASHTO 2013) 
 
Based on this model a new shift factor was generated (Equation 5-19): 
  log \ = c°10¤±² ³´µ¶ − log ¬%	­®¯· 5-19 
where    ©­ = temperature (Rankine)4  
A, VTS = viscosity-temperature parameters (AASHTO T240)  
It was proposed in NCHRP (2008b) that master curves be generated using the 
model shown in Equation 5-20 when the binder and volumetric properties were 
available: 
  log|j∗| = £ + F\¸ − £1 + 2¤¥¹³´µ ¤Bº»¼½¾¿ ÀÁÂ¾¶ÃÀÁÂÄÅa	¶¾ÆÇ¾ÈÉ 5-20 
where    F\¸ = specified limiting logarithm of maximum modulus  £ = specified limiting logarithm of minimum modulus  , , 	\db	c = fitting parameters  
To calculate the limiting maximum and minimum modulus, NCHRP (2008b) 
proposed that the Hirsch model be used (Equation 5-21 and Equation 5-22): 
 
  |j∗|6J = gB º4.2 × 10$ 1 − )F+100 
 + 3|e∗|=J^{H¨)*+ × )F+10! È+ 1 − gB
Ê1 − )F+100 4.2 × 10$ + )F+3)*+|e∗|=J^{H¨Ë
 5-21 
where    
  gB = 20 + 3)*+|e
∗|=J^{H¨)F+ . 650 + 3)*+|e∗|=J^{H¨)F+ .  5-22 |j∗|6J = dynamic modulus of mix (psi5)  )F+ = voids in mineral aggregates (%)  )*+ = voids filled with asphalt (%)  |e∗|=J^{H¨ = dynamic shear modulus of binder (psi)  
                                               
4 The Rankine (R) degree is defined as equal to 1°F, rather than 1°C used by the Kelvin scale. A 
temperature of −459.67°F is exactly equal to 0°R (T(°R) = T(°F) + 459.67). 
5 1 psi = 6.89 kPa. 
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5.8.2 Shift factor when binder properties are unavailable 
When the binder properties of the mix are not available there is an alternative 
method for developing the master curve: the use of the Arrhenius shift factor 
presented in Equation 5-23.  Substituting the Arrhenius equation into the sigmoidal 
master curve equation (Equation 5-12) the master curve formula can be rewritten as 
follows: 
 
 log|j∗| = £ + F\¸ − £1 + 2¤¥Ì¦uR ¤ ∆9.!%!×Í	 Î§ÏÐ 
5-23 
where    £, , 	\db	∆jA = fitting parameters  
It has been proposed (NCHRP 2008b) that, for mixes with a VFA value between 
55% and 85% and a VMA value between 10% and 20%, the maximum limiting 
modulus be determined using Equation 5-24 and Equation 5-25: 
  F\¸ = gB º4.2 × 10$ 1 − )F+100 
 + 4.35 × 10 )*+ × )F+10! È+ 1 − gB
Ê1 − )F+100 4.2 × 10$ + )F+4.35 × 10 Ë
 
5-24 
where    
  gB = 20 + 4.35 × 10
 )*+)F+ . 650 + 4.35 × 10 )*+)F+ .  
5-25 
5.8.3 Development of compressive and bending master curves for WA mix 
Due to the absence of the equipment required to run the dynamic shear test at the 
Curtin University Geomechanical laboratory, it was decided to generate the master 
curves for the AC14/75 mix based on the Arrhenius time-temperature shift factor. 
In order to develop a single master curve for a cylindrical sample, testing should be 
conducted at temperatures of 4°C, 20°C and 40°C.  The AMPT was used to conduct 
the dynamic modulus testing on the prepared specimens.  A total of eight samples 
were tested without applying confining pressure.  In order to study the effect of 
confining pressure on the shape of the master curve, testing was conducted at two 
levels of confining pressure (65 and 135 kPa).  The volumetric properties of the test 
cylinders are presented in Table 5.31. All UTS6 outputs for different frequencies and 
temperatures are presented in Appendix E. 
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Table 5.31: Volumetric properties of cylinders 
Cylinder 
number 
Confining 
pressure (kPa) 
Air voids 
(%) 
%VFA %VMA 
1 0 5.5 69.1 16.2 
2 0 5.4 67.3 16.6 
3 0 5.6 66.5 16.8 
4 0 4.8 69.8 16.0 
5 0 3.9 74.1 15.1 
6 0 5.2 68.1 16.4 
7 0 5.3 67.8 16.5 
8 0 4.6 70.7 15.8 
9 65 4.5 71.4 15.6 
10 65 4.9 69.7 16.0 
11 65 5.0 69.2 16.2 
12 135 4.6 71.5 15.6 
13 135 4.5 70.8 15.8 
14 135 4.7 70.6 15.8 
Work was also conducted aimed at developing flexural master curves for the asphalt 
mix using the EN Standard tester.  Beams are tested by applying two loading 
modes: haversine and sinusoidal.  The testing conditions for haversine loading are 
shown in Table 5.32.  The UTS15 software was used to control the tests.  Each 
beam was tested at a single frequency and temperature because the UTS15 does 
not cater for frequency sweep on a single beam. 
Table 5.32: Testing conditions (haversine loading mode) 
Beam 
no. 
Temp 
(°C) 
Strain Level (µε) 
(Peak-to-Peak) 
Frequency 
(Hz) 
Air voids 
(%) 
%VFA %VMA 
92 4 50 0.1 5.0 69.2 16.1 
93 4 50 1 5.2 68.2 16.4 
94 4 50 10 5.8 65.5 17.0 
95 20 50 0.1 5.4 67.3 16.6 
96 20 50 1 5.3 67.6 16.5 
97 20 50 10 5.7 66.3 16.8 
98 40 50 0.01 Nil Nil Nil 
99 40 50 0.1 5.5 67.5 16.5 
100 40 50 1 5.8 66.0 16.9 
101 40 50 10 5.7 66.1 16.9 
The UTS18 software was used to generate bending master curve for the sinusoidal 
loading mode.  One of the advantages of this software is that it allows frequency 
sweep testing.  The testing conditions for sinusoidal loading are shown in  
Table 5.33. 
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Table 5.33: Testing conditions (sinusoidal loading mode) 
Beam 
no. 
Temp. 
(°C) 
Strain Level (µε)  
(Peak-to-Peak) 
Frequency 
(Hz) 
Air voids 
(%) 
%VFA %VMA 
102 4 50 0.1, 1, 10 5 69.2 16.1 
103 4 50 0.1, 1, 10 5.2 68.2 16.4 
104 4 50 0.1, 1, 10 5.8 65.5 17 
105 20 50 0.1, 1, 10 6.4 63.6 17.6 
106 20 50 0.1, 1, 10 6.2 64.5 17.3 
107 20 50 0.1, 1, 10 6.4 63.7 17.5 
108 20 50 0.1, 1, 10 5.3 67.9 16.4 
109 20 50 0.1, 1, 10 5 69.1 16.2 
110 20 50 0.1, 1, 10 5.3 67.9 16.3 
111 20 50 0.1, 1, 10 6.3 63.9 17.5 
112 20 50 0.1, 1, 10 6.2 64.4 17.4 
113 20 50 0.1, 1, 10 5.8 65.7 17 
114 20 50 0.1, 1, 10 6.2 64.4 17.3 
115 20 50 0.1, 1, 10 6.2 64.1 17.4 
116 20 50 0.1, 1, 10 5.6 66.6 16.8 
117 20 50 0.1, 1, 10 5.8 65.9 17 
118 20 50 0.1, 1, 10 5.6 66.6 16.8 
119 20 50 0.1, 1, 10 6.1 64.8 17.2 
120 20 50 0.1, 1, 10 6.1 64.7 17.3 
121 20 50 0.1, 1, 10 6.4 63.7 17.5 
122 20 50 0.1, 1, 10 6.3 63.9 17.5 
123 20 50 0.1, 1, 10 6.3 64.1 17.4 
124 20 50 0.1, 1, 10 6.6 63 17.7 
125 20 50 0.1, 1, 10 6.5 63.1 17.7 
126 40 50 0.01, 0.1, 1, 10 5.4 67.4 16.6 
127 40 50 0.01, 0.1, 1, 10 5.5 67.1 16.6 
128 40 50 0.01, 0.1, 1, 10 5.5 66.9 16.7 
129 40 50 0.01, 0.1, 1, 10 5 68.9 16.2 
One of the disadvantages of flexural master curves compared to compressive 
master curves is that, in order to generate a single master curve, at least three 
beams need to be tested using sinusoidal loading.  It is even worse for haversine 
loading, where at least ten samples need to be tested.  This makes the testing 
process very time-consuming.  Another drawback is associated with the volumetric 
properties.  It can be seen in Table 5.32 and Table 5.33 that the volumetric 
parameters of the samples vary and this might affect the shape of the master curve.  
To overcome this problem more samples may need to be tested to make the results 
more statistically robust.  This was partially addressed in this study, with 27 beams 
tested under sinusoidal loading.  However, it was not possible to conduct any further 
testing using haversine loading due to time constraints and the need to conduct 
maintenance of the testing equipment.  The average mix volumetric conditions 
needed as input into the development of the flexural master curve are shown in 
Table 5.34. 
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Table 5.34: Average volumetric properties used to develop flexural master curve 
Master curve 
type 
Air voids (%) %VFA %VMA 
haversine 5.5 67.1 16.6 
sinusoidal 5.9 65.7 17.0 
To generate master curves for both cylindrical and beam specimens, the Arrhenius 
formula (Equation 5-23) was used. 
5.8.3.1 Cylindrical master curves 
The master curve-fitting parameters for the samples tested without confining 
pressure –and after running numerical optimisation using the Microsoft Excel® 
Solver Tool – are shown in Table 5.35 whilst the master curves shown in  
Figure 5-40. 
Table 5.35: Master curve fitting parameters (unconfined cylinders) 
Sample 
no. 
Max 
(MPa) 
δ 
(MPa) 
β γ ∆Ea R2 
1 22618.284 6.946 -1.497 -0.523 216590.643 0.996 
2 22414.480 4.675 -1.480 -0.490 220558.500 0.998 
3 22315.442 7.216 -1.442 -0.521 213443.973 0.997 
4 22694.534 2.740 -1.505 -0.466 216216.089 0.997 
5 23144.581 7.519 -1.399 -0.554 207484.194 0.996 
6 22506.497 4.998 -1.497 -0.510 213601.715 0.997 
7 22468.687 4.741 -1.543 -0.486 213336.756 0.997 
8 22791.418 6.344 -1.577 -0.510 209361.096 0.996 
Average 22654.964 5.515 -1.490 -0.506 212145.645 0.997 
 
 
Figure 5-40: Master curves for cylindrical samples (unconfined condition) 
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The same method was used to develop master curves for samples confined with a 
pressure of 65 kPa and 135 kPa. The curve-fitting parameters are shown in Table 
5.36 and Table 5.37 and the master curves are presented in Figure 5-41 and Figure 
5-42.  
Table 5.36: Master curve fitting parameters (confining pressure of 65 kPa) 
Sample no. Max 
(MPa) 
δ 
(MPa) 
β γ ∆Ea R2 
7 22873.457 36.979 -1.332 -0.569 199780.044 0.995 
8 22684.785 2.232 -1.491 -0.378 212808.621 0.990 
9 22623.019 7.339 -1.468 -0.446 203184.943 0.994 
Average 22777.150 11.764 -1.391 -0.465 204975.626 0.995 
 
 
 
Figure 5-41: Master curves for cylindrical samples (65 kPa confining pressure) 
Table 5.37: Master curve fitting parameters for confined cylinders in 135 KPa 
Sample 
no. 
Max 
(MPa) 
δ 
(MPa) 
β γ ∆Ea R2 
10 22889.762 29.931 -1.415 -0.568 203749.759 0.995 
11 22801.715 32.747 -1.409 -0.562 215897.907 0.996 
12 22782.028 28.211 -1.283 -0.539 203337.503 0.995 
Average 22838.366 30.763 -1.373 -0.569 202114.831 0.995 
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Figure 5-42: Master curves for cylindrical samples (135 kPa confining pressure) 
5.8.3.2 Flexural master curves 
Flexural master curves were generated for both the haversine and sinusoidal 
loading modes.  As stated previously, ten beams were tested under haversine 
loading and 28 beams under sinusoidal loading. 
The curve-fitting parameters are shown in Table 5.38 and the master curves are 
shown in Figure 5-43.  It can be seen in the Figure that the dynamic modulus for 
haversine loading was higher that the modulus for sinusoidal loading, especially at 
lower frequency levels. 
Table 5.38: Flexural master curve fitting parameters (haversine and sinusoidal loading) 
Loading 
mode 
Max 
(MPa) 
δ 
(MPa) 
β γ ∆Ea R2 
haversine 22392.678 47.957 -1.066 -0.551 225860.712 0.994 
sinusoidal 22191.519 19.256 -1.092 -0.516 214609.241 0.998 
 
 
Figure 5-43: Flexural master curves (haversine and sinusoidal loading) 
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5.8.4 Major findings 
All the master curves developed under different testing conditions for approach 6 
are presented in Figure 5-44 whilst the time-temperature shift factors and phase 
angles for the same master curves are presented in Figure 5-45 and Figure 5-46. 
 
Figure 5-44: Master curves for different testing condition (approach 6) 
 
 
Figure 5-45: Time-temperature shift factors for different testing conditions 
Major findings of this approach (approach 6) can be summarised as following: 
• Applying a confining pressure resulted in an increase in the dynamic modulus 
at lower load frequencies (Figure 5-44). 
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• The values of the shift factor are smaller with higher confinement (Figure 
5-45) 
 
Figure 5-46: Variation in phase angle for different test conditions 
• At lower frequency levels the phase angle without confinement was greater 
than the cases when a confining pressure was applied (Figure 5-44). 
• The sinusoidal flexural master curve showed more viscous behaviour 
compared to the haversine curve at lower frequencies. 
• The shift factors for the flexural master curves were greater than the 
compressive master curves, with the maximum shift being associated with the 
haversine master curve. 
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6 CONCLUSIONS AND RECOMMENDATIONS 
The most common flexible pavement type used in Australia is the unbound granular 
pavement with a thin bituminous surfacing (sprayed seal).  These surfacings provide 
a smooth riding surface and act as a water-proofing agent to prevent the ingress of 
moisture into the pavement structure (assuming that adequate drainage of the lower 
layers of the pavement is also provided). 
However, as the number of axles on heavy vehicles, and the associated axle loads, 
continues to increase, the use of asphalt pavements – either full depth asphalt or a 
structural surfacing over a stabilised or granular base – is becoming more common, 
particularly on major freight routes serving urban areas. 
The fatigue performance of asphalt is addressed in the Austroads (2012) 
mechanistic-empirical pavement thickness design procedure.  In this procedure, the 
Shell (1978) laboratory model is adjusted to field conditions through the use of a 
reliability factor.  However, the use of these procedures can result in the fatigue 
performance in the field being better than predicted, which is an issue of concern to 
industry. 
The research presented in this thesis addresses these concerns through a program 
of work involving detailed laboratory testing and analysis, including the development 
of: 
1. improved protocols to minimise errors introduced during testing 
2. a new fatigue life prediction model based on the laboratory test data 
3. a new accelerated laboratory testing approach that allows the fatigue 
behaviour of asphalt to be modelled at different test temperatures, loading 
frequencies and strain levels 
4. master curves for the asphalt mix that can be input into the mechanistic-
empirical design procedures used in Australia after validation process. 
Following the literature review – including its relevance to practice in WA – and the 
identification of research gaps (Chapter 2), details of the sample preparation and the 
determination of the fundamental properties AC14/75 mix used in the testing 
program described in the subsequent chapters are presented in Chapter 3.  The 
results of the preliminary testing and the development of improved protocols to 
minimise errors introduced during testing are presented in Chapter 4. 
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The test results and the analysis of the results – including details of a new fatigue 
model, a new accelerated testing method and master curves developed for the 
AC14/75 mix – are presented in Chapter 5. 
6.1 Literature review 
The main effort in this chapter has been placed on finding the study gaps regarding 
the experimental modelling of asphalt material. After a comprehensive literature 
review it was found that future study is essential on following areas: 
• testing protocols in terms of validity and reliability 
• fatigue life extrapolation for the tests when the termination condition is not 
reached 
• new accelerated testing methods to analyse the asphalt material behaviour 
in different testing conditions in terms of frequency, temperature and  strain 
level faster than previous testing protocols 
• developing new base line for dynamic modulus of Western Australia’s typical 
mixes 
• fatigue endurance limit (FEL) 
• More investigations on healing phenomenon in viscoelastic material  
6.2 Development of testing protocols 
During preliminary dynamic modulus testing on cylindrical specimens using the 
AMPT machine, some problems were noted in terms of the standard error on the 
load, which was greater than 10%, and also the peak-to-peak strain level, which 
should have been between 85-115 µε.  In addition, after performing trial four-point 
bending fatigue testing on beams it was found that there were some issues with the 
outputs from the EN Standard Tester, specifically the phase angle not being in the 
required range.  There was also a problem related to the deformation of the beams 
when the haversine loading mode was applied. 
In terms of the testing of the cylindrical samples using the AMPT, there were also 
some problems, especially at higher temperatures (≥40°C) and at lower frequencies 
(0.01-0.1 Hz) where there were difficulties achieving the correct load pulse shape 
(haversine or sinusoidal).  These issues were associated with the need to stay 
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within the defined strain level, the low levels of stress being applied to the samples 
and the introduction of errors associated with noise generated by the machine 
during testing. 
Clearly, if there are errors in any of the parameters (phase angle, load, deformation 
and applied level of strain) introduced during testing, then the results will not be 
valid. 
One purpose of Chapter 4, therefore, was to describe in detail the problems 
encountered during this preliminary phase and the steps taken to overcome the 
problems associated with the use of enhanced testing techniques such as those 
adopted in the study reported in this thesis.  It was demonstrated that it is possible 
to obtain valid data at higher temperatures and low frequencies through the 
introduction of proportional, integral and adoptive control and the addition of an 
external signal to the operating system.  This is discussed in detail in this Chapter. 
The other purpose of this chapter was to present revised testing protocols for the EN 
Standard Tester (four-point bending) and AMPT testing which were developed to 
minimise the errors introduced during testing, in particular out-of-range phase angle 
problems associated with the EN tester and out-of-range strain levels and load 
standard errors associated with the AMPT tester. 
The use of this protocol resolved the issues associated with phase angle during 
four-point bending beam testing and also reduced the load standard errors and 
noise issues associated with the AMPT testing. 
6.3 Fatigue testing and the development of master curves 
The analysis of the fatigue behaviour of the asphalt mix and the development of the 
master curves involved the use of six approaches (Chapter 5).  The findings were as 
follows. 
6.3.1 Approach 1 
This approach involved the determination of the fatigue life of the asphalt mix 
according to Austroads (2006), viz. four-point bending beam testing.  When fatigue 
testing was conducted in accordance with this test method (i.e. haversine loading 
with frequency level of 10 Hz at 20°C), the average fatigue life was 99,903 cycles 
(100,000 cycles). 
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6.3.2 Approach 2 
In this approach, the predicted fatigue life is derived using linear regression of the 
number of cycles required for the stiffness of the asphalt to reduce to 50% of its 
initial stiffness and the initial strain amplitude recorded after 100 cycles of load (EN 
12697-24 2012).  Three methods were used to develop the regression equation: 
• the results for all samples 
• the results without the failed samples 
• the average for each testing condition. 
It was found that there was no significant difference between the predicted strain 
levels after 1,000,000 cycles with all three methods if the results associated with 
beams which failed were omitted from the analysis. 
6.3.3 Approach 3 
In this approach, a new method for fatigue life prediction was proposed, as was a 
new model capable of predicting fatigue life when the termination condition of testing 
was not met (i.e. 50% loss in initial recorded stiffness).  This was made possible by 
the development of a template for assigning adjustment factors during different 
stages of testing (i.e. stiffness loss).  Using this approach, it was found that: 
• the Austroads fatigue life prediction model under-predicted the fatigue life 
compared to the results obtained using the above method (under both 
haversine and sinusoidal loading) 
• when testing was conducted at the lowest strain level (100 µε), the fatigue 
life at all temperatures was greater than 100 million cycles.  This could be 
evidence of the Fatigue Endurance Limit (FEL), which is defined as the 
strain level that, if a material experiences less than this strain level, then it 
will not fail due to fatigue associated from cumulative damage. 
6.3.4 Approach 4 
In this approach, emphasis was placed on developing a new accelerated testing 
method which allows testing to be conducted under different frequency, strain level 
and temperature conditions.  The major outcomes of this work were as follows: 
• A curve fitting step carried out after numerical optimisation using Microsoft 
EXCEL® Solver Tool revealed that two sigmoidal and homographic functions 
provided the best model of the behaviour of the asphalt. 
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• The sigmoidal function was more appropriate when the material responded 
elastically to the loading at both lower temperatures and higher frequencies of 
loading. 
• The homographic function provided a better fit to the data when the behaviour 
of the material was more viscoelastic than elastic at both higher temperatures 
and lower frequency levels. 
• There was evidence of self-healing of the asphalt mix. 
6.3.5 Approach 5 
As self-healing was observed using the previous approach, effort in approach 5 was 
placed on investigating this phenomenon by introducing rest periods of 0.1, 0.3 and 
0.9 seconds to continuous loading in both the haversine and sinusoidal modes.  It 
was found that introducing rest periods 0.3 and 0.9 seconds resulted in a significant 
increase in laboratory fatigue life.  Further investigation is needed to examine longer 
rest periods (e.g. 1, 3 and 9 seconds). 
6.3.6 Approach 6 
In this approach, emphasis was placed on the development of flexural master 
curves for beam specimens and compressive master curves for cylindrical samples.  
Master curves were developed for cylinders at different confining pressures (0, 65 
and 135 kPa).  However, there was significant scatter in the results at lower 
frequencies whilst, at higher frequencies, the difference was not significant. 
6.4 Summary 
New testing protocols were developed for both the EN Standard Tester (four-point 
bending beam testing) and the asphalt mix performance tester (AMPT) which can be 
considered for introduction into standards currently adopted in Western Australia 
and other Australian states.  Although four-point bending beam test is very time-
consuming and expensive, the suggested new approach (approach 4) is an 
innovative accelerated method which examines the fatigue behaviour of asphalt 
beams and considers all influential parameters (frequency, temperature, strain 
level).  More research should be conducted to further develop accelerated asphalt 
fatigue testing protocols. 
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Major innovations can be categorised into four parts: 
1. A new testing protocol developed to minimise the associated errors with EN 
Standard Tester and AMPT outputs.  An innovative technique has been 
proposed to refine the out-of-range phase angle problem with the current 
software used to control bending beam tests.  Enhanced control engineering 
techniques such as the PID controller, Adoptive Level Control (ALC) and 
dithering can be used to address issues associated with noisy stress-shapes, 
out-of-range strain levels and load standard errors.  The result is more valid 
and reliable and an increased level of robustness has been reached. 
2. Two scenarios are proposed in approach 3 on how to extrapolate fatigue life 
when the termination condition (50% of initial stiffness) is not met. 
3. A new accelerated testing approach (approach 4) which involves increasing 
the strain level continuously at different temperatures and frequencies. 
4. Flexural master curves for both haversine and sinusoidal loading which can be 
compared with compressive master curves for cylindrical samples. 
6.5 Recommendations 
Recommendations for further research include the following: 
• Although this research has involved a great deal of testing, and new testing 
protocols have been developed, testing was only conducted on one asphalt 
mix.  Testing should be conducted on other asphalt mixes in order that the 
experimental models developed in this study can be refined through the input 
of more data pertaining to a wider range of mixes. 
• The new model and approach for fatigue life estimation should be calibrated 
against data obtained in the field.  This will enable: 
• an evaluation of the proposed new method in terms of whether the 
increased fatigue lives suggested in some of the approaches are also 
observed in the field 
• a shift factor to be developed which relates laboratory and field 
performance. 
• The observed healing of the asphalt samples when rest periods were applied 
should be examined in more detail, including the application of longer rest 
periods and to a wider range of asphalt mixes.  The influence of temperature 
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and loading frequency on healing should also be examined for a wider range 
of mixes. 
• The new method for fatigue life prediction, and the new model capable of 
predicting fatigue life when the termination condition of testing was not met 
(i.e. 50% loss in initial recorded stiffness) should also be examined for a wider 
range of mixes. 
• The Fatigue Endurance Limit (FEL) should be examined in more detail by 
running the fatigue tests at lower strain ranges of 50-150 µε and at different 
temperatures, and on a range of mixes. 
• More work on the development of refined models used to generate master 
curves, and time-temperature shift factors, should be conducted.  This could 
include an investigation of the correct reference temperature which takes 
account of the climatic conditions operation at the locations where the asphalt 
mix is to be applied. 
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 UTS15 OUTPUT IN APPROACH 3 
FOR HAVERSINE LOADING 
 
 
Figure A - 1. UTS 15 output for beam number 27 
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Figure A - 2. UTS 15 output for beam number 28 
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Figure A - 3. UTS 15 output for beam number 29 
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Figure A - 4. UTS 15 output for beam number 30 
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Figure A - 5. UTS 15 output for beam number 31 
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Figure A - 6. UTS 15 output for beam number 32 
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Figure A - 7. UTS 15 output for beam number 33 
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Figure A - 8. UTS 15 output for beam number 34 
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Figure A - 9. UTS 15 output for beam number 35 
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Figure A - 10. UTS 15 output for beam number 36 
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Figure A - 11. UTS 15 output for beam number 37 
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Figure A - 12. UTS 15 output for beam number 38 
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 UTS18 OUTPUT IN APPROACH 3 
FOR SINUSOIDAL LOADING 
 
Figure B - 1. UTS 18 output for beam number 39 
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Figure B - 2. UTS 18 output for beam number 40 
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Figure B - 3. UTS 18 output for beam number 41 
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Figure B - 4. UTS 18 output for beam number 42 
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Figure B - 5. UTS 18 output for beam number 43 
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Figure B - 6. UTS 18 output for beam number 44 
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Figure B - 7. UTS 18 output for beam number 45 
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Figure B - 8. UTS 18 output for beam number 46 
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Figure B - 9. UTS 18 output for beam number47 
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Figure B - 10. UTS 18 output for beam number 48 
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Figure B - 11. UTS 18 output for beam number 49 
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Figure B - 12. UTS 18 output for beam number 50 
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 CURVE FITTING IN APPROACH 3 
FOR SCENARIO1 AND SCENARIO2 
 
 
Figure C - 1. Haversine loading, Beam 39, 4°C 
 
Figure C - 2. Haversine loading, Beam 40, 4°C 
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Figure C - 3. Haversine loading, Beam 41, 4°C 
 
Figure C - 4. Haversine loading, Beam 42, 4°C 
 
Figure C - 5. Haversine loading, Beam 43, 20°C 
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Figure C - 6. Haversine loading, Beam 44, 20°C 
 
Figure C - 7. Haversine loading, Beam 45, 20°C 
 
Figure C - 8. Haversine loading, Beam 46, 20°C 
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Figure C - 9. Haversine loading, Beam 47, 40°C 
 
Figure C - 10. Haversine loading, Beam 48, 40°C 
 
Figure C - 11. Haversine loading, Beam 49, 40°C 
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Figure C - 12. Haversine loading, Beam 50, 40°C 
 
Figure C - 13. Sinusoidal loading, Beam 51, 4°C 
 
Figure C - 14. Sinusoidal loading, Beam 52, 4°C 
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Figure C - 15. Sinusoidal loading, Beam 53, 4°C 
 
Figure C - 16. Sinusoidal loading, Beam 54, 4°C 
 
Figure C - 17. Sinusoidal loading, Beam 55, 20°C 
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Figure C - 18. Sinusoidal loading, Beam 56, 20°C 
 
Figure C - 19. Sinusoidal loading, Beam 57, 20°C 
 
Figure C - 20. Sinusoidal loading, Beam 58, 20°C 
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Figure C - 21. Sinusoidal loading, Beam 59, 40°C 
 
Figure C - 22. Sinusoidal loading, Beam 60, 40°C 
 
Figure C - 23. Sinusoidal loading, Beam 61, 40°C 
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Figure C - 24. Sinusoidal loading, Beam 62, 40°C 
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 THREE STEPS IN APPROACH 4  
 
 
 
Figure D - 1. Three steps in Approach 4, 25Hz, 4°C, Beam number 51 
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Figure D - 2. Three steps in Approach 4, 10Hz, 4°C, Beam number 52 
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Figure D - 3. Three steps in Approach 4, 5Hz, 4°C, Beam number 52 
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Figure D - 4. Three steps in Approach 4, 1Hz, 4°C, Beam number 53 
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Figure D - 5. Three steps in Approach 4, 0.1Hz, 4°C, Beam number 54 
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Figure D - 6. Three steps in Approach 4, 25Hz, 20°C, Beam number 55 
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Figure D - 7. Three steps in Approach 4, 10Hz, 20°C, Beam number 56 
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Figure D - 8. Three steps in Approach 4, 5Hz, 20°C, Beam number 57 
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Figure D - 9. Three steps in Approach 4, 1Hz, 20°C, Beam number 58 
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Figure D - 10. Three steps in Approach 4, 0.1Hz, 20°C, Beam number 59 
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Figure D - 11. Three steps in Approach 4, 25Hz, 40°C, Beam number 60 
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Figure D - 12. Three steps in Approach 4, 10Hz, 40°C, Beam number 61 
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Figure D - 13. Three steps in Approach 4, 5Hz, 40°C, Beam number 62 
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Figure D - 14. Three steps in Approach 4, 1Hz, 40°C, Beam number 63 
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Figure D - 15. Three steps in Approach 4, 0.1Hz, 40°C, Beam number 64 
 
 
 
0
50
100
150
200
250
300
350
400
0 20 40 60 80 100 120
S
ti
ff
n
e
ss
 (
M
P
a
)
Cycles
Unprocessed Step
100 (µ€) 200 (µ€) 300 (µ€) 400 (µ€) 500 (µ€) 600 (µ€)
700 (µ€) 800 (µ€) 900 (µ€) 1000 (µ€) 1100 (µ€) 1200 (µ€)
0
50
100
150
200
250
300
350
400
0 200 400 600 800 1000 1200 1400
S
ti
ff
n
e
ss
 (
M
P
a
)
Cycles
Processed Step
100 (µ€) 200 (µ€) 300 (µ€) 400 (µ€) 500 (µ€) 600 (µ€)
700 (µ€) 800 (µ€) 900 (µ€) 1000 (µ€) 1100 (µ€) 1200 (µ€)
0
50
100
150
200
250
300
350
400
0 200 400 600 800 1000 1200 1400
S
ti
ff
n
e
ss
 (
M
P
a
)
Cycles
Curve Fitting Step
Fit
   
- 166 -  
 
 UTS 6 OUTPUTS (AMPT – 
DYNAMIC MODULUS TEST) 
 
 
Figure E - 1. UTS6 output for sample1, 0.1 Hz and 4°C  
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Figure E - 2. UTS6 output for sample1, 1 Hz and 4°C 
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Figure E - 3. UTS6 output for sample1, 10 Hz and 4°C 
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Figure E - 4. UTS6 summary output for sample1, 4°C 
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Figure E - 5. UTS6 output for sample1, 0.1 Hz and 20°C 
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Figure E - 6. UTS6 output for sample1, 1 Hz and 20°C 
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Figure E - 7. UTS6 output for sample1, 10 Hz and 20°C 
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Figure E - 8. UTS6 summary output for sample1, 20°C 
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Figure E - 9. UTS6 output for sample1, 0.01 Hz and 40°C 
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Figure E - 10. UTS6 output for sample1, 0.1 Hz and 40°C 
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Figure E - 11. UTS6 output for sample1, 1 Hz and 40°C 
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Figure E - 12. UTS6 output for sample1, 10 Hz and 40°C 
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Figure E - 13. UTS6 summary output for sample1, 40°C 
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Figure E - 14. UTS6 output for sample2, 0.1 Hz and 4°C 
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Figure E - 15. UTS6 output for sample2, 1 Hz and 4°C 
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Figure E - 16. UTS6 output for sample2, 10 Hz and 4°C 
 
   
- 182 -  
 
 
Figure E - 17. UTS6 summary output for sample2, 4°C 
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Figure E - 18. UTS6 output for sample2, 0.1 Hz and 20°C 
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Figure E - 19. UTS6 output for sample2, 1 Hz and 20°C  
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Figure E - 20. UTS6 output for sample2, 10 Hz and 20°C 
  
   
- 186 -  
 
 
Figure E - 21. UTS6 summary output for sample2, 20°C 
 
   
- 187 -  
 
 
Figure E - 22. UTS6 output for sample2, 0.01 Hz and 40°C  
  
 
 
   
- 188 -  
 
 
Figure E - 23. UTS6 output for sample2, 0.1 Hz and 40°C 
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Figure E - 24. UTS6 output for sample2, 1 Hz and 40°C 
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Figure E - 25. UTS6 output for sample2, 10 Hz and 40°C 
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Figure E - 26. UTS6 summary output for sample2, 40°C 
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Figure E - 27. UTS6 output for sample3, 0.1 Hz and 4°C 
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Figure E - 28. UTS6 output for sample3, 1 Hz and 4°C 
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Figure E - 29. UTS6 output for sample3, 10 Hz and 4°C 
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Figure E - 30. UTS6 summary output for sample3, 4°C 
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Figure E - 31. UTS6 output for sample3, 0.1 Hz and 20°C 
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Figure E - 32. UTS6 output for sample3, 1 Hz and 20°C 
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Figure E - 33. UTS6 output for sample3, 10 Hz and 20°C 
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Figure E - 34. UTS6 summary output for sample3, 20°C 
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Figure E - 35. UTS6 output for sample3, 0.01 Hz and 40°C 
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Figure E - 36. UTS6 output for sample3, 0.1 Hz and 40°C 
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Figure E - 37. UTS6 output for sample3, 1 Hz and 40°C 
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Figure E - 38. UTS6 output for sample3, 10 Hz and 40°C 
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Figure E - 39. UTS6 summary output for sample3, 40°C 
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Figure E - 40. UTS6 output for sample5, 0.1 Hz and 4°C 
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Figure E - 41. UTS6 output for sample5, 1 Hz and 4°C 
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Figure E - 42. UTS6 output for sample5, 10 Hz and 4°C 
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Figure E - 43. UTS6 summary output for sample4, 4°C 
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Figure E - 44. UTS6 output for sample4, 0.1 Hz and 20°C 
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Figure E - 45. UTS6 output for sample4, 1 Hz and 20°C 
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Figure E - 46. UTS6 output for sample4, 10 Hz and 20°C 
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Figure E - 47. UTS6 summary output for sample4, 20°C 
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Figure E - 48. UTS6 output for sample4, 0.01 Hz and 40°C 
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Figure E - 49. UTS6 output for sample4, 0.1 Hz and 40°C 
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Figure E - 50. UTS6 output for sample4, 1 Hz and 40°C 
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Figure E - 51. UTS6 output for sample4, 10 Hz and 40°C 
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Figure E - 52. UTS6 summary output for sample4, 40°C 
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Figure E - 53. UTS6 output for sample5, 0.1 Hz and 4°C 
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Figure E - 54. UTS6 output for sample5, 1 Hz and 4°C 
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Figure E - 55. UTS6 output for sample5, 10 Hz and 4°C 
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Figure E - 56. UTS6 summary output for sample5, 4°C 
 
   
- 222 -  
 
 
Figure E - 57. UTS6 output for sample5, 0.1 Hz and 20°C 
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Figure E - 58. UTS6 output for sample5, 1 Hz and 20°C 
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Figure E - 59. UTS6 output for sample5, 10 Hz and 20°C 
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Figure E - 60. UTS6 summary output for sample5, 20°C  
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Figure E - 61. UTS6 output for sample5, 0.01 Hz and 40°C 
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Figure E - 62. UTS6 output for sample5, 0.1 Hz and 40°C 
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Figure E - 63. UTS6 output for sample5, 1 Hz and 40°C 
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Figure E - 64. UTS6 output for sample5, 10 Hz and 40°C 
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Figure E - 65. UTS6 summary output for sample5, 40°C 
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Figure E - 66. UTS6 output for sample6, 0.1 Hz and 4°C 
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Figure E - 67. UTS6 output for sample6, 1 Hz and 4°C 
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Figure E - 68. UTS6 output for sample6, 10 Hz and 4°C 
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Figure E - 69. UTS6 summary output for sample6, 4°C 
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Figure E - 70. UTS6 output for sample6, 0.1 Hz and 20°C 
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Figure E - 71. UTS6 output for sample6, 1 Hz and 20°C 
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Figure E - 72. UTS6 output for sample6, 10 Hz and 20°C 
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Figure E - 73. UTS6 summary output for sample6, 20°C 
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Figure E - 74. UTS6 output for sample6, 0.01 Hz and 40°C 
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Figure E - 75. UTS6 output for sample6, 0.1 Hz and 40°C 
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Figure E - 76. UTS6 output for sample6, 1 Hz and 40°C 
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Figure E - 77. UTS6 output for sample6, 10 Hz and 40°C 
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Figure E - 78. UTS6 summary output for sample6, 40°C 
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Figure E - 79. UTS6 output for sample7, 0.1 Hz and 4°C 
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Figure E - 80. UTS6 output for sample7, 1 Hz and 4°C 
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Figure E - 81. UTS6 output for sample7, 10 Hz and 4°C 
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Figure E - 82. UTS6 summary output for sample7, 4°C 
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Figure E - 83. UTS6 output for sample7, 0.1 Hz and 20°C  
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Figure E - 84. UTS6 output for sample7, 1 Hz and 20°C 
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Figure E - 85. UTS6 output for sample7, 10 Hz and 20°C 
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Figure E - 86. UTS6 summary output for sample7, 20°C 
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Figure E - 87. UTS6 output for sample7, 0.01 Hz and 40°C 
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Figure E - 88. UTS6 output for sample7, 0.1 Hz and 40°C 
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Figure E - 89. UTS6 output for sample7, 1 Hz and 40°C 
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Figure E - 90. UTS6 output for sample7, 10 Hz and 40°C 
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Figure E - 91. UTS6 summary output for sample7, 40°C 
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Figure E - 92. UTS6 output for sample8, 0.1 Hz and 4°C 
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Figure E - 93. UTS6 output for sample8, 1 Hz and 4°C 
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Figure E - 94. UTS6 output for sample8, 10 Hz and 4°C 
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Figure E - 95. UTS6 output summary for sample8, 4°C 
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Figure E - 96. UTS6 output for sample8, 0.1 Hz and 20°C 
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Figure E - 97. UTS6 output for sample8, 1 Hz and 20°C 
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Figure E - 98. UTS6 output for sample8, 10 Hz and 20°C 
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Figure E - 99. UTS6 summary output for sample8, 20°C 
 
   
- 265 -  
 
 
Figure E - 100. UTS6 output for sample8, 0.01 Hz and 40°C 
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Figure E - 101. UTS6 output for sample8, 0.1 Hz and 40°C 
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Figure E - 102. UTS6 output for sample8, 1 Hz and 40°C 
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Figure E - 103. UTS6 output for sample8, 10 Hz and 40°C 
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Figure E - 104. UTS6 summary output for sample8, 40°C 
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Figure E - 105. UTS6 output for sample9, 0.1 Hz and 4°C 
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Figure E - 106. UTS6 output for sample9, 1 Hz and 4°C 
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Figure E - 107. UTS6 output for sample9, 10 Hz and 4°C 
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Figure E - 108. UTS6 summary output for sample9, 4°C 
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Figure E - 109. UTS6 output for sample9, 0.1 Hz and 20°C 
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Figure E - 110. UTS6 output for sample9, 1 Hz and 20°C 
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Figure E - 111. UTS6 output for sample9, 10 Hz and 20°C 
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Figure E - 112. UTS6 summary output for sample9, 20°C 
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Figure E - 113. UTS6 output for sample9, 0.01 Hz and 40°C 
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Figure E - 114. UTS6 output for sample9, 0.1 Hz and 40°C 
 
 
 
   
- 280 -  
 
 
Figure E - 115. UTS6 output for sample9, 1 Hz and 40°C 
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Figure E - 116. UTS6 output for sample9, 10 Hz and 40°C 
 
   
- 282 -  
 
 
Figure E - 117. UTS6 summary output for sample9, 40°C 
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Figure E - 118. UTS6 output for sample10, 0.1 Hz and 4°C 
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Figure E - 119. UTS6 output for sample10, 1 Hz and 4°C 
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Figure E - 120. UTS6 output for sample10, 10 Hz and 4°C 
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Figure E - 121. UTS6 summary output for sample10, 4°C 
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Figure E - 122. UTS6 output for sample10, 0.1 Hz and 20°C 
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Figure E - 123. UTS6 output for sample10, 1 Hz and 20°C 
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Figure E - 124. UTS6 output for sample10, 10 Hz and 20°C 
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Figure E - 125. UTS6 summary output for sample10, 20°C 
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Figure E - 126. UTS6 output for sample10, 0.01 Hz and 40°C 
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Figure E - 127. UTS6 output for sample10, 0.1 Hz and 40°C 
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Figure E - 128. UTS6 output for sample10, 1 Hz and 40°C 
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Figure E - 129. UTS6 output for sample10, 10 Hz and 40°C 
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Figure E - 130. UTS6 summary output for sample10, 40°C 
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Figure E - 131. UTS6 output for sample11, 0.1 Hz and 4°C 
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Figure E - 132. UTS6 output for sample11, 1 Hz and 4°C 
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Figure E - 133. UTS6 output for sample11, 10 Hz and 4°C 
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Figure E - 134. UTS6 output for sample11, 4°C 
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Figure E - 135. UTS6 output for sample11, 0.1 Hz and 20°C 
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Figure E - 136. UTS6 output for sample11, 1 Hz and 20°C 
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Figure E - 137. UTS6 output for sample11, 10 Hz and 20°C 
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Figure E - 138. UTS6 summary output for sample11, 20°C 
 
   
- 304 -  
 
 
Figure E - 139. UTS6 output for sample11, 0.01 Hz and 40°C 
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Figure E - 140. UTS6 output for sample11, 0.1 Hz and 40°C 
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Figure E - 141. UTS6 output for sample11, 1 Hz and 40°C 
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Figure E - 142. UTS6 output for sample11, 10 Hz and 40°C 
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Figure E - 143. UTS6 summary output for sample11, 40°C 
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Figure E - 144. UTS6 output for sample12, 0.1 Hz and 4°C 
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Figure E - 145. UTS6 output for sample12, 1 Hz and 4°C 
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Figure E - 146. UTS6 output for sample12, 10 Hz and 4°C 
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Figure E - 147. UTS6 output summary for sample12, 4°C 
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Figure E - 148. UTS6 output for sample12, 0.1 Hz and 20°C 
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Figure E - 149. UTS6 output for sample12, 1 Hz and 20°C 
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Figure E - 150. UTS6 output for sample12, 10 Hz and 20°C 
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Figure E - 151. UTS6 summary output for sample12, 20°C 
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Figure E - 152. UTS6 output for sample12, 0.01 Hz and 40°C 
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Figure E - 153. UTS6 output for sample12, 0.1 Hz and 40°C 
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Figure E - 154. UTS6 output for sample12, 1Hz and 40°C 
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Figure E - 155. UTS6 output for sample12, 10 Hz and 40°C 
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Figure E - 156. UTS6 summary output for sample12, 40°C 
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Figure E - 157. UTS6 output for sample13, 0.1 Hz and 4°C 
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Figure E - 158. UTS6 output for sample13, 1 Hz and 4°C 
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Figure E - 159. UTS6 output for sample13, 10 Hz and 4°C 
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Figure E - 160. UTS6 summary output for sample13, 4°C 
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Figure E - 161. UTS6 output for sample13, 0.1 Hz and 20°C 
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Figure E - 162. UTS6 output for sample13, 1 Hz and 20°C 
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Figure E - 163. UTS6 output for sample13, 10 Hz and 20°C 
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Figure E - 164. UTS6 summary output for sample13, 20°C 
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Figure E - 165. UTS6 output for sample13, 0.01 Hz and 40°C 
 
 
 
   
- 331 -  
 
 
Figure E - 166. UTS6 output for sample13, 0.1 Hz and 40°C 
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Figure E - 167. UTS6 output for sample13, 1 Hz and 40°C 
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Figure E - 168. UTS6 output for sample13, 10 Hz and 40°C 
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Figure E - 169. UTS6 output for sample13, 40°C 
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Figure E - 170. UTS6 output for sample14, 0.1 Hz and 4°C 
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Figure E - 171. UTS6 output for sample14, 1 Hz and 4°C 
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Figure E - 172. UTS6 output for sample14, 10 Hz and 4°C 
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Figure E - 173. UTS6 summary output for sample14, 4°C 
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Figure E - 174. UTS6 output for sample14, 0.1 Hz and 20°C 
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Figure E - 175. UTS6 output for sample14, 1 Hz and 20°C 
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Figure E - 176. UTS6 output for sample14, 10 Hz and 20°C 
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Figure E - 177. UTS6 summary output for sample14, 20°C 
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Figure E - 178. UTS6 output for sample14, 0.01 Hz and 40°C 
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Figure E - 179. UTS6 output for sample14, 0.01 Hz and 40°C 
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Figure E - 180. UTS6 output for sample14, 1 Hz and 40°C 
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Figure E - 181. UTS6 output for sample14, 10 Hz and 40°C 
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Figure E - 182. UTS6 summary output for sample14, 40°C 
 
 
